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Laboratoire de Recherche de la Chaire de Science du Sol, INRA-ENSA, 65 Route de Saint Brieuc,
35042 Rennes Cedex, France

ABSTRACT

Maps of the potential waterlogging of soils were generated using hypotheses about the effect of topography on the soil
water regime inspired by Beven and Kirkby’s concept of saturation overland flow. The procedure was validated by
comparing the simulated maps with maps derived from a 1: 25000 soil survey for two contrasting catchments. The
value and limitations of the method are discussed in the light of this comparison. The approach proposed here is rele-
vant to modelling the distribution of intensely waterlogged soils, provided the relationship between bedrock and the
limit values is established. This approach can be used for several purposes: (1) to distinguish positional waterlogging
from other types of waterlogging; (2) to control the quality and consistency of waterlogging maps; and (3) to create
soil water regime maps for non-surveyed catchments. Conversely, soil water regime maps can be compared with
contributing areas simulated by hydrological distributed models for validation purposes.
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INTRODUCTION

The hydromorphic characteristics of waterlogged soils are a result of an excess of water. Permanent or
temporary waterlogging induces anoxic conditions (Duchaufour, 1983), which causes the mobilization
and segregation of iron via redox reactions. The soil water regime is a major criterion used in soil
surveys, especially in Western Europe, because it is widespread and significantly affects land-use potential
(Jamagne, 1967; Thomasson et al., 1975; Marsman and De Gruijter, 1986; Riviére et al., 1992).

The major causes of an excess of water are: rainfall on soils with poor internal and external drainage; an
additional superficial or deep water supply; and the influence of humans (embanking, surface or subsurface
compaction by cattle or ploughing; Vizier, 1990).

The location of soils in the landscape is important for the development of hydromorphic characteristics:
waterlogged bottomland soils and poorly drained plateau soils are common. This is particularly so in
Brittany as a result of the relief and the loamy texture of the soils.

The aim of the work reported here was to study how far the spatial distribution of soil affected by
‘positional waterlogging’ (i.e., that due to its location in the landscape) can be modelled with digital topo-
graphic data using the concept of contributing area (Beven and Kirkby, 1979; Beven and Wood, 1983).

MATERIALS AND METHODS

Description of soil water regime

Information about the soil water regime collecting during a soil survey is structured into nine classes
(Riviére et al., 1992).
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Well drained soils

Class 0, no mottles

Class 1, few ferruginous mottles below 80 cm depth

Class 2, many ferruginous mottles below 80 cm depth
Imperfectly drained soils

Class 3, few ferruginous mottles between 40 and 80 cm
Poorly drained soils

Class 4, many ferruginous mottles between 40 and 80 cm
Very poorly drained soils

Class 5, few ferruginous mottles just below the surface

Class 6, many ferruginous mottles just below the surface

Class 7, generalized pseudogley

Class 8, generalized pseudogley with deep gley

Class 9, generalized pseudogley with shallow gley

The change from class 3 to class 4 corresponds to what is considered to be more significant soil wetness.

Positional waterlogging depends on two topographic factors: (1) the local slope angle — for a water-
logged soil the local hydraulic gradient required to drain the soil is equal to the local slope angle and a
moderate slope induces limited lateral drainage; and (2) the drainage area — this determines the surface
and subsurface water input added to the local rainfall and is delimited by the steepest slope lines conver-
ging on the point considered.

The probability of waterlogging increases with the contributing draining area and decreases with increas-
ing local slope angle.

Contributing area concept

The contributing area concept was first proposed by Cappus (1960; in Merot, 1988), followed by Betson
(1964) and was developed by various workers (see Kirkby and Chorley, 1969; Hewlett, 1974; Hewlett and
Troendle, 1975; Ward, 1982; Moore et al., 1986; 1992). According to this concept, the catchment area does
not contribute to overland flow equally; overland flow occurs mainly in contributing or variable source
areas, where saturation and groundwater outflow occur. The location of these areas depends on the water
route convergence, slope and soil permeability. This process is called ‘saturation overland flow’ and ‘return
flow’.

A model of the relationship between the dynamics of the contributing area and topography was proposed
by Beven and Kirkby (1979) and Beven (1986a; 1986b). This model is based on the hypothesis that the
hydraulic gradient of the shallow water-table is equal to the topographic slope angle. Two indexes are pro-
posed: the topographic index is given by log(a/ tan 3), where a is the drainage area per unit contour length
and S is the local siope angle; the soil-topography index or wetness index (Moore et al., 1986) is given by
log{a/ T, tan f3), where Ty is the transmissivity to the surface when the soil is saturated. This approach was
notably included in a physically based semi-distributed hydrological model called TOPMODEL. Beven and
Kirkby made the assumption that the hydrological behaviour of two points with the same index value is
identical. This index can be used to predict the local soil saturation deficit. When the deficit is equal to
zero, the soil is saturated. Consequently, the catchment is separated into two areas with different hydrody-
namic behaviours: a saturated contributing area where quickflow occurs and an unsaturated area were infil-
tration occurs. The size of the two areas varies and depends on permanent factors (soil, topography) and on
the initial and boundary conditions (the rainfall events).

Methods

The spatial distribution of soils with position waterlogging, such as the distribution of contributing areas,
is explained by two topographic factors, local slope and drainage area, and by soil transmissivity and rain-
fall. If the model of Beven and Kirkby (1979) is applicable, areas with a high topographic index should
generally correspond to wateriogged soils. Here, a comparison is made between a soil map indicating



MAFPPING SOIL WATERLOGGING 29

the distribution of waterlogging and a ‘wetness’ map constructed using a topographic index. The compar-
ison is based on the statistical distribution of the occurrence of waterlogged soils and of the index values.

The topographic index is a continuous variable. Relevant index class limits relating to the soil water regime
must be defined: the correspondence between soil water regime classes and index values is not known a priori.
The following procedure was adopted. First, the relative area of each soil water regime class on the soil map
was calculated to determine a statistical areal distribution; second, the values delimiting the index classes were
selected to reproduce the same distribution of relative areas; the final check consists in comparing the map
derived from the soil water regime classes and the map derived from index value classes.

To compute the topographic index, a 40 m grid digital terrain model (DTM) was derived from 1 : 25000
IGN maps (the French equivalent of the UK Ordnance Survey maps) using a scanner and the MNTSURF
software (Squividant, 1992), implemented at the INRA/ENSA Soil Science Laboratory, Rennes. The catch-
ment limits and the a and 3 parameters were then computed using the TOPMODEL utilities (Quinn ez al.,
1991).

Study area

Two contrasting sites were selected. The Crac’h coastal catchment, located in the Golfe du Morbihan, on
the south coast of Brittany, has an area of 54 km?. The main stream is 19 km long. The slopes are gentle: the
median slope angle is 0-8° and the maximum slope angle is 11-6°. The altitude range is 6:6—53-4m above sea
level. The bedrock is granite and the western part of the catchment consists of an extensive plateau. The
mean annual rainfall is 700 mm and the mean annual effective rainfail is 300 mm.

The Kervijen coastal catchment, located in the Baie de Douarnenez in the western tongue of Brittany, has
an area of 44 km®. The main stream is 17 km long. The slopes are steeper than in the Crac’h catchment, with
a median slope of 3-1° and a maximum of 18-4°. The altitude range is 1-7-242masl. The bedrock is
Brioverian shale. The mean annual rainfall is 1050 mm and the mean annual effective rainfall is 500 mm.

A 1:25000 soil survey was carried out in both the catchments.

RESULTS

Soil data analysis

Figure 1 presents the proportion of the area occupied by each soil water regime class in the two catchments.
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Figure 1. Proportion of soil area in each soil water regime class for the two catchments
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The figure shows two main features. (1) Some soil water regime classes have only a limited occurrence. This is
so for classes 3 and 4 in the Crac’h catchment and classes 3, 4 and 5 in the Kervijen catchment. The soils are
either well drained (classes 0, 1 and 2) or very poorly drained (class 5 and higher); the areas associated with
classes 8 and 9 in the Crac’h catchment and with class 8 in the Kervijen catchment are also very small. (2) The
spatial distribution of waterlogged soil units in the landscape is very different in the two catchments (Figure
2). In the Crac’h catchment, soils of classes 7, 8 and 9 form wide strips in the valley bottom. Conversely, in
the Kervijen catchment, soils of classes 7, 8 and 9 form thin strips in the valley bottoms and soils of classes 5
and 6 are extensive on the plateaux. Moreover, the wet area is larger in the Crac’h catchment than in the
Kervijen catchment (48-8 and 25-5%, respectively, of soils in class 5 and higher); conversely, waterlogging
is more intense in the Kervijen catchment. This is shown by the importance of class 9 soils in Kervijen
and of class 6 soils in Crac’h.

Statistical distribution of the topographic index

Figure 3 shows the cumulative areal distribution of the topographic index for the two catchments. The
Crac’h catchment exhibits more high index values than the Kervijen catchment. This suggests more poten-
tially saturated areas in the Crac’h catchment.
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Figure 3. Statistical distribution of the topographic index of Kirkby for the two catchments

Table I.  Comparison between the limits of the soil water regime classes and the values of the topographic index

Soil water Corresponding Corresponding Cumulated Cumulated
regime log(a/ tan j3) log(a/ tan j3) distribution distribution
classes index; Crac’h index; Kervijen Crac’h (%) Kervijen (%)
0, 1,2 10-10 9-67 100 100

3 9-96 50-98 2787
4 10-24 49-24 25-54
5 10-91 48-79 24-70
6 13:37 10-37 39-27 24-09
7 19-62 17-73 20-64
8 10-57 2:48 18:86
9 0-42 18:86
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Figure 2. Soil water regime soil maps for (a) the Kervijen catchment and (b) the Crac’h catchment
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Figure 4. Maps of the topographic index of Kirkby (the deformation of the catchment is due to the printing procedure) for
(a) the Kervijen catchment and (b) the Crac’h catchment (the outlet of this catchment is further downstream than on the soil map)
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Table II. Contingency table between the different classes of the soil and the wetness maps constructed with the topo-
graphical index for the Kervijen catchment, expressed as number of cells

Soil classes Classes deducted from the topographical index Total
1,2,3 4,5 6 7,8,9

1,2,3 8662 324 191 990 10167

4,5 424 73 60 219 776

6 129 19 22 254 424

7, 8,9 1075 133 236 1846 3290

otal 10290 549 509 3309 14657

Comparison of the distribution of soil water regime classes and index values

The continuous distribution of the topographic index is classified. The limits of the classes are chosen such
that the same proportion of catchment area as the soil water regime classes is obtained (Table I). Index values
for scarcely represented soil water regime classes have not been indicated. For the Crac’h catchment, the soil
water regime classes 3, 4 and 5 correspond to a small variation of the index value (from 10-1 to 10-9); mod-
erate to intense waterlogging correspond to a much larger range of index values. For the Kervijen catchment,
the range of the index values for soils from classes 3-8 is small (from 9-7 to 10-6); these classes represent a
small part of the catchment. Intensively waterlogged soils (class 9) and freely drained soils (classes 0, 1 and 2)
correspond to a large range of index values (10-6-24, and 5-9-7, respectively).

The correspondence between soil water regime classes and index value classes is not the same for the two
catchments, except for the freely drained soils. The limits of the index classes corresponding to classes 3, 4
and 5 are not easy to determine precisely because of the small range of variation. This is not important in
the Kervijen catchment where the soils are either well drained or very poorly drained. For the Crac’h catch-
ment, two groups of soil water regime classes are important: freely drained soils (classes 0, 1 and 2) and
poorly drained soils (classes 5, 6 and 7). For classes 6 and 7, the limit index values are well identified.

Comparison of soil water regime maps and topographic index maps

The statistical results were used to draw maps of potential soil water regime, based on three topographic
index classes; these maps were compared with the soil water regime maps, derived from the soil survey,
where the poorest drained classes (7, 8 and 9) have been regrouped into one unit; these two maps have
been compared visually.

In the Kervijen catchment (Figures 2a and 4a), the agreement of the two maps seems to be very good for the
following index classes: < 9-9, 9-9-10-3 and > 10-3. For the Crac’h catchment (Figures 2b and 4b), a reason-
able fit was obtained for the upper class (index > 14-5). This was not so for the lower class (index < 10-1).

The results could be strengthened by a more quantitative approach. This has been performed as follows
for the Kervijen catchment: (1) rasterization of the soil map; (2) comparison of the soil map and the wetness

Table III.  Contingency table between the different classes of the soil and wetness maps constructed with the topogra-
phical index for the Kervijen catchment, expressed as a percentage for each class

Soil classes Classes deducted from the topographical index Total
1,2,3 4,5 6 7,8,9
1,2,3 84 59 38 30 69
4,5, 4 13 12 7 5
6 1 3 4 8 3
7,8,9 10 24 46 56 22

Total 100 100 100 100 100




32 P. MEROT ET AL.

map constructed with the topographical index on a cell by cell basis (Tables II and III). Eighty four per cent
of the well drained soils and 56% of the poorest drained soils (classes 7, 8 and 9) are correctly recognized by
the topographic index. Results for the well drained soils are not surprising because they cover the major
part of the catchment. The results show a good agreement for the poorest drained soils (classes 7, 8 and
9). Bad results occur for the other classes.

DISCUSSION

The correspondence between the soil water regime maps and the topographic index (or potential soil water
regime) maps is satisfactory for very poorly drained soils. The best results were obtained for the Kervijen
catchment. The limit index values are different for the two catchments.

In the Kervijen catchment, the range of elevation is important, the slopes are steep and there are no extensive
flat areas. Waterlogging is restricted to the bottomlands, which fits well with the topographic model based on
the contributing area concept. Furthermore, there is a clear difference between the intensely waterlogged
bottomlands (class 9) and the freely drained slopes. As the median soil water regime class is not present,
the limit index value did not need to be defined precisely. The numerical comparison allows the results to
be confirmed; nevertheless, two problems have to be solved before more relevant numerical results can be
obtained for the waterlogged soils, as has been emphasized, for instance, by Bruneau (1992), in similar
work: (1) degradation of the information during the rasterization of the soil map; and (2) a problem due
to the boundaries of the units of waterlogged soils — these units generally consist of narrow elongated strips
and therefore the numerical comparison is fairly sensitive to the exact location of the units.

The different results obtained for the Crac’h catchment can be explained by relief and errors in the DTM.
First, the relief is gentle and shows large plateau areas. The soil water regime class 6, the most important in the
catchment, is typical of plateau soils characterized by poor lateral and vertical drainage. The poor vertical
drainage is only due to soil properties and cannot be modelled correctly from topographic considerations.
Pseudogley and gley development (classes 7, 8 and 9), located in the bottomlands, is better predicted by
the model. Some of the lack of fit may also be due to inaccuracies in the soil unit delineation determined
by the soil survey (Walter, 1990), especially as it was carried out by different surveyors. Second, the contour
line density of the topographic map is low because of the smali elevation gradient of the catchment. The
DTM that was derived from this map was not very accurate, except in the confined valley bottoms.

The numerical comparison of the two types of maps, not described here, gave bad resuits because of the
narrowness of the strips of waterlogged soils; that strengthens the reasons emphasized for the Kervijen
catchment.

Limit values

The difference between the index limit values corresponding to intense soil water regime classes is related
to the difference in catchment bedrock. In Brittany, the granitic soils are typically more permeable than the
soils on Brioverian shale. This is due to a coarser texture and the presence of granite sand. In identical
topographic conditions, the soils on shale are saturated earlier than the soils on granite and are thus hydro-
morphic. This is why the limit index values are higher in the Crac’h catchment; larger drainage area and/or
gentler slopes are necessary to reach the same potential waterlogging as in Kervijen. The work reported
here must be considered as a calibration phase. The trends and quality of the relationships must be
assessed further during a validation phase on other catchments.

The method could be improved by using an index taking into account the transmissivity and effective
rainfall rather than the topography index. The contributing area, a, can be weighted by the effective rain-
fall (rainfall minus evaporation) and the slope angle by the transmissivity, as in the soil-topographic index.
This would allow the differences between the index limit values corresponding to intense waterlogging
classes for catchments presenting contrasting effective rainfall and transmissivity to be standardized. How-
ever, maps of numerous catchments are needed for the calibration and validation of such an approach.

The limitations of the method are: (1) conceptual limitations — the index does not account for some major
factors leading to the development of waterlogging such as the amount of rainfall, soil surface properties and
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the structure of the agricultural landscape (e.g. hedges; see Merot and Bruneau, 1993) and agricultural
drainage; and (2) limitations linked to DTM processing — the topographic index value, and especially
the slope angle, depend on the DTM grid size and the larger the grid size, the smaller are the slope
angles. This leads to an overestimation of the index. Grid size has to be determined according to the land-
scape structure; here, a 40 m grid size appeared to be fine enough for the study catchments. A coarser grid
would have altered the information by overlooking the minor valley bottoms.

CONCLUSIONS

The statistical and spatial distributions of the topographic index and of the soil water regime were com-
pared in two catchments with contrasting relief, bedrock and soils. The index has been related to a specific
type of waterlogging, i.e. positional waterlogging.

This comparison shows the relevance of the model used, at least for intense waterlogging. Soils with
intense waterlogging in bottomlands are the pedological evidence of quasi-permanent contributing areas.
The results emphasize the major role of topography in natural systems and the close connection between
the structure of soil cover, the features of the landscape and water movement within catchments.

The approach proposed here is relevant to modelling the distribution of intensely waterlogged soils, pro-
vided the relationship between bedrock and the limit values is established. This approach can be applied for
several purposes, i.e. from a pedological point of view: (1) to distinguish positional waterlogging from other
types of waterlogging; (2) to control the quality and consistency of soil water regime maps; and (3) to create
soil water regime maps for non-surveyed catchments. Conversely, from an hydrological point of view, soil
water regime maps can be compared with contributing areas simulated by hydrological distributed models
for validation purposes.

This study needs to be extended to other types of bedrock and soil covers to allow the method to be used
to generate maps of potential waterlogging. Further developments will need to take into account soil trans-
missivity and rainfall to provide a more meaningful determination of the limit index class values corre-
sponding to soil water regime classes.
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