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Abstract

Tropical countries suffer from a lack of financial resources to monitor and model sources and outcomes of soil degradation and, therefore, a
scarcity of data. In this study it was tried to model superficial and subterranean water erosion based on basic environmental variables such as
geological formation, soil type or vegetation cover — data which are potentially available even in developing countries. Different forms of water
erosion and karst or pseudokarst formations in Tabasco, Southeastern Mexico were estimated. The study region (3500 km?) consists of plain and
hilly areas with an annual precipitation ranging from 2000 to 4000 mm. Main land use form is rangeland. The area is geologically composed of
sedimentary rocks, limestone, sandstone and conglomerates. Collecting data by field observations over the entire study area a cartography of
different soil loss forms such as rill and gully erosion, mass movement, sinkholes and tunnels was created including field data from available maps
of geological formation, soil type, precipitation and former land use 20 years ago. Additionally, data collected in the field such as actual land use,
vegetation cover and inclination were added. In the entire study area 1039 sites were affected by soil erosion with 2435 single manifestations of
soil erosion. 482 sites were found with one gully each, 57 sites with erosion rills with a total of 416, 392 sites with one mass movement each, 85
sites with sinkholes with a total of 1122, and 23 sites with one tunnel each. Rendzic Leptosols over Oligocene limestone are strongly affected by
sinkholes and tunnels in regions with inclinations of less than 5°. This phenomenon is explained by karstic and pseudokarstic formation.
Superficial erosion forms are mainly found on rendzic Leptosols over shale sandstone and on eutric or peli-eutric Vertisols on Andesit in areas
with inclinations between 5 and 30°. The application of classification trees allowed to successfully predict the occurrence of sinkholes and tunnels
(degree of agreement between prediction and observation: very good to excellent). Even in areas with scarce data-bases this could allow for easy
identification of high-risk areas. Predictive success of the occurrence of the different forms of superficial soil losses, however, is low. Superficial
erosion seems to be mainly caused by more specific pedological factors. Nevertheless, automated induction of classification trees can be a valuable
tool for preliminary data analysis and hypothesis generation in areas with lack of local expertise and can guide erosion risk mapping and soil
conservation planning.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Land use changes in tropical countries have led to severe soil
degradation and losses of important soil functions. One of the
most destructive and insidious process, which is steadily increa-
sing as a result of anthropogenic activity in these countries, is
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water erosion (Pla Sentis, 1997; Servenay and Prat, 2003).
However, the tropics typically suffer from a lack of financial
resource to research, monitor and model sources and outcomes of
soil degradation (Santana et al., 1989; Martinez, 1997).
Frequently there is only few information available on the para-
meters which are needed to apply empirical or process based
erosion models like USLE (Wischmeier and Smith, 1978),
RUSLE (Chakroun et al.,, 1993) or WEPP (Ascough and
Livingston, 1995); if used at all they are applied in a simplified
form (Lu et al., 2004). While these erosion models are data-
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intensive and aim to yield quantitative predictions of soil losses,
often for comparatively small areas and local conservation
planning, the tropics need predictive instruments that help in
identifying entire landscapes as prone or less prone to certain
erosion types (Vrieling et al., 2002). Another weakness of the
above mentioned modelling approaches if applied in tropical
countries is that they do not allow for the prediction of
subterranean soil losses caused by karst or pseudokarst formations
(Botschek, 1999), erosion forms which are abundant and widely
distributed in the tropics (Gerstenhauer, 1978; Keqiang et al.,
2004). In summary, the tools used for land-use planning purposes
in tropical countries should (i) be simple, (ii) predict incidence of
all forms of water erosion and (iii) work with as few explaining
variables as possible. It has already been pointed out that a simple
qualitative approach can be more effective in erosion risk
assessment than the use of models that were not developed for
the region to which they were applied (Vrieling et al., 2002).
We used three municipalities of the state of Tabasco in
tropical south-eastern Mexico as a model area for testing a
qualitative modeling approach. Mexico is a country suffering
heavily from land degradation due to anthropogenic pressure

(SEMARNAT, 2002). Increasing deforestation over the past
60 years has led to increasing soil erosion in mountainous areas
of Mexico. In this period in Tabasco woodland was reduced from
49.1% of the land surface to 13.6% (Palma and Triano, 2002)
which caused severe problems of soil erosion in the hilly and
mountain areas of the state. However, there is very few
information on the actual state of soil degradation. A national
memory about the actual state of soil degradation in Mexico has
been published recently (SEMARNAT, 2002). According to this
study, only 2.3% of Tabasco is affected by water erosion.
However, the scale is so large that field observations often do not
coincide with data of published maps. There are a few other
studies that indicate severe soil losses in the hilly and mountain
areas of Tabasco (Sanchez, 1997).

The aim of this study is (1) to describe the actual extension of
the different forms of superficial and subterranean soil erosion
(rill and gully erosion, mass movement, tunnels, sinkholes) in
the above-mentioned model area in SE Mexico, (2) to use basic
environmental variables available from published maps or from
direct observation to identify the main factors responsible for
the susceptibility for water erosion, and (3) to design a simple
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Fig. 1. Localization and topography of the study area in the municipalities Teapa, Tacotalpa and Macuspana, Southern Tabasco, SE Mexico.
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model of occurrence and absence of erosion types by use of
classification trees (Breiman et al., 1984; Ripley, 1996).
Classification trees have the advantage of representing relation-
ships between explanatory and dependent variables in a tree-
like structure and natural language — most commonly as IF—
THEN rules — and, thus, are more comprehensible than
mathematical formulae or matching tables. They already have
been used in erosion modeling (De la Rosa et al., 1999; Vrieling
et al., 2002; Shrestha et al., 2004); in contrast to these studies,
however, we do not use classification trees to represent local
expert knowledge — which hardly does exist — but we induce
them automatically by applying appropriate data-mining soft-
ware on data available from maps and on field observations. We
expect this qualitative approach to be robust to the scarcity of
information available on geological, pedological, landscape and
climatic conditions and expect it to be potentially useful for the
identification of areas susceptible to water erosion and, thus, for
tropical land use planning.

2. Study area

The study area is formed by the adjacent municipalities Teapa,
Tacotalpa and Macuspana in the south of Tabasco, SE Mexico
(Fig. 1). The state of Tabasco is a paradigmatic study area for
deforestation and land degradation during the last 60 years as has
been pointed out above. The area is characterized by a warm and
humid tropical climate with high precipitation throughout the year.
The annual average temperature is 25.4 °C and the mean annual
precipitation amounts to 3862.5 mm. Maximum precipitation
occurs in September with 600 mm, minimum precipitation in
April with 150 mm (INEGI, 2000). The months from May to
September are characterized by typical tropical rains with high
intensities, the months between October and April are character-

Table 1
Variables included in the prediction model

ized by rainfalls with moderate intensities. The whole study area
has a size of approximately 3500 km”. The northern part of the
study area is located in a plain at an elevation of less than 20 m
a.s.l. (50% of the area), the central and southern part is hilly with
elevations between 20 and 300 m a.s.l. (43%), and the
southernmost part is mountainous with elevations from 300 to
800 m .a.s.l. (6%) and from 800 to 1600 m a.s.1. (1%), respectively.
The dominant soils in the plain are Gleysols and Fluvisols over
alluvial sediments. In the hilly and mountainous areas dominant
soils are Luvisols, Vertisols and Leptosols over sandstone, shale
sandstone and limestone. Dominant land use form is rangeland
with 52%, 17% are used as primary or succession forest, 4.7% as
agricultural land and 16% are natural reeds (Conafor, 2000).

3. Materials and methods
3.1. Field work and data origin

‘We mapped the whole study area according to the Manual of
Evaluation of Actual Erosion by the German Association of Water
Management (DVWK, 1996). We made field trips in the whole
area to estimate the different soil erosion forms that occurred in
the region. We distinguished between linear erosion forms — rill
erosion (depth <40 cm) and gully erosion (depth>40 cm) — mass
movement, and additionally soil losses caused by karst or
pseudokarst processes such as sinkholes and tunnels. A single site
was defined by homogeneous environmental conditions de-
scribed by identical values of inclination, actual vegetation, per-
centage of vegetation cover and percentage of superficial rocks,
which were determined in the field. We measured length, depth
and width of each gully, length of each rill, width and depth of
each mass movement and diameter of each sinkhole and tunnel.
The location of each erosion site was determined in the most

Variable Origin Scale Classes Description and comments
Geological formation Geological map Nominal Oligocene limestone

Paleocene shale—sandstone etc.
Soil type Soil map Nominal Rendzic Leptosols Soil units (FAO, 1998)

Eutric Vertisols etc. (Table 3)
Annual precipitation Precipitation map Ordinal 2000-2500 mm, 2500-3000 mm,

3000-3500 mm, 35004000 mm,

4000-4500 mm
Elevation Topographical map Ratio Continuous values Minimum 0 m, maximum 1600 m
Inclination Field work Nominal 0-5°, 6-10°, 11-20°, 21-30°, 31-40°, 41-50°
Vegetation Field work Nominal High primary forest Height>=30 m

Succession forest

Pastures according to their dominant grass

species such as Brachiaria

decumbens, Cynodon plectostachyus, etc.

Agricultural land

Uncultivated land Fallows and abandoned pastures
Vegetation cover Field work Ordinal 0-5%, 5-10%, 10-20%..., 90—100%
Former land use (in 1985) Land use map Nominal High primary forest medium primary forest

Succession forest
Agricultural land
Rangeland

Reeds
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detailed maps available for the region which were topographical
maps (1:50,000), soil, geological and precipitation maps
(1:250,000) as well as a map on former land use as determined
in 1985, all published by the Mexican National Institute of
Statistics and Geographic Information (INEGI, 1983, 1984, 1985,
1987, 1990a,b,c) and the Mexican National Forest Commission
(Conafor, 2000). Consequentially, for each site showing a
manifestation of erosion we had a list of independent variable
values available (Table 1).

3.2. Data analysis and modeling

We used the Chi-Square-tests to determine significant
deviances of the observed frequencies of erosion forms on the
different soil types, geological formations and inclinations from
the hypothetical expected frequencies if erosion manifestations
were distributed at random throughout the study area. Propor-
tions of soil types, geological formations and inclination classes
(0-5°,6-10°,11-20°, 21-30°, 31-40°, 41-50°) were obtained
from the published maps (INEGI, 1985, 1987, 1990a,b,c). No
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distribution data were available for detailed vegetation types and
vegetation cover. Consequently, for these parameters we could
not apply this type of analysis.

We modeled occurrence and absence of erosion types by
means of automatic classification tree induction (Breiman et al.,
1984; Ripley, 1996). Classification trees, also called decision
trees, are graphical classification support tools developed within
the subfield of Artificial Intelligence called Machine Learning
(Finlay and Dix, 1996). Their mean advantage is that they are
simple to understand and interpret and allow for a plain
representation of relationships between explicative and response
variables. For classification, each one of a set of cases (objects,
situations, in our case: sites) is run down the tree; at each node a
decision is made with regard to an attribute of the case (in our
case: factors responsible for the susceptibility for water erosion)
until it reaches a terminal node. Each terminal node contains a
label of classification. For example, a classification tree for
geometric shapes would ask for the number of vertices and kind
of symmetry at the nodes and would yield a class label

(“triangle”, “circle”, etc.) for every case run down the tree. In
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Fig. 2. A. Soil map of the municipalities Teapa, Tacotalpa and Macuspana, Southern Tabasco, with the localization of the different soil erosion forms (sites affected by
soil erosion are marked in the map). B. Geological map of the municipalities Teapa, Tacotalpa and Macuspana, Southern Tabasco, with the localization of the different

soil erosion forms (sites affected by soil erosion are marked in the map).
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Fig. 2 (continued).

Machine Learning the main objective of classification trees is
inductive learning, that is, learning by taking examples and
generalizing. Algorithms developed for automatic tree induction
split the original set of cases into smaller and smaller pieces in all
possible ways applying the fundamental idea for subset selection
that the data in each of the descendant subsets should be “purer”
than the data in the parent subset, a task that was unthinkable
before the computer age. Classification trees are increasingly
used in environmental data analysis and modelling and have
entered advanced statistical textbooks (for example, Venables
and Ripley, 1999). We used geological formation, soil type,
elevation, inclination, precipitation, actual vegetation, vegeta-
tion cover, and former land use as predictor variables (Table 1)
for classification tree induction. Due to lacking data of some
environmental variables on some of the 1039 observed sites we
used only 967 sites for modeling. We developed a model for
every erosion type, counting sites with manifestations of the
corresponding erosion type and using the remainder of the sites as
absences for the given erosion type. The resulting classification
trees, thus, predict erosion types only for the area actually suffering
erosion since no sites without erosion entered the data-base.

Classification tree induction was performed with the package
tree (Ripley, 2005) of the statistic programming environment R
(R Development Core Team, 2004). Agreement between model
predictions and observations were measured by determining
sensitivity (=proportion of correctly predicted occurrences) and

Table 2
Occurrence of different soil loss forms depending on the inclination

Inclination Area occupied Gullies Rills MM Sinkholes Tunnels Total

©) (%) (n)

0-5 50 7F O 15* 13*  100% 87* 199
6-10 35 16*  15% 8% 0* 0 117
11-20 8 38%  26% 19+ O* 9 276
21-30 3 3% 36% 36 0 4 319
31-40 3 6 5 19 0 0 105
41-50 1 0 0 6 0 0 23
Total sites 482 57 392 85 23 1039

()

For ease of reading the number of sites showing a given type of erosion in a
given inclination class are expressed as percentage of the total for the respective
erosion type. MM, mass movement; *, significant differences (»<0.05) between
the distribution of the inclinations and the occurrence of soil erosion forms.
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Table 3

Occurrence of different soil loss forms depending on soil type

Soil type/erosion form Area occupied (%) Gullies Rills MM Sinkholes Tunnel Total (n)
Eutric Fluvisols 9.8 1.2% 1.7% 1.8% 0.0* 0.0* 14
Eutric Gleysols+Fibric 3.75 0.4* 0.0* 2.3% 0.0* 0.0* 11
Histosols+Mollic Gleysols

Ferric Acrisols 1.6 0.0 0.0 0.0 0.0 0.0 0
Rendzic Leptosols 10.8 52.3% 54.4% 51.7* 100* 100* 593
Gleyic Luvisols 13 0.0 0.0 0.0 0.0 0.0 0
Cromic Luvisols 17.1 1.2* 1.7*% 5.0%* 0.0* 0.0* 27
Eutric Vertisols 13.9 7.5 15.8 8.9 0.0* 0.0* 80
Peli-eutric Vertisols 8.0 27.0% 22.8% 26.8% 0.0* 0.0* 248
n.d. 10.4 3.6 34 0.0* 0.0* 66
Total (1) 482 416 392 1122 23 1039

For ease of reading the number of sites showing a given type of erosion for a given soil type is expressed as percentage of the total for the respective erosion type. MM,
mass movement; *, significant differences (»<0.05) between the distribution of the soil types and the occurrence of soil erosion forms.

specificity (=proportion of correctly predicted absences) and by
Cohen’s Kappa (Cohen, 1960) applying the equation

_ Pc—[PpPy + (1-Pp)(1-Py)]
~ 1=[PoPy + (1-Pp)(1-Py)]

where Pc is the proportion of correct predictions, Pp is the
proportion of observed occurrences, and Py is the proportion of
predicted occurrences; Cohen’s Kappa was evaluated according
to Monserud and Leemans (1992): <0.05, no; 0.06—0.20, very

poor; 0.21-0.40, poor; 0.41-0.55, fair; 0.56—0.70, good; 0.71—
0.85, very good; 0.85-0.99, excellent; 1.00, perfect agreement
between model prediction and observation.

4. Results

In the entire study area we observed 1039 sites that had been
affected by soil erosion with 2435 single manifestations of soil
erosion. The cartography shows 482 sites with one gully each,
57 sites with erosion rills with a total of 416, 392 sites with one

Table 4

Occurrence of different soil loss forms depending on combination of soil type and geological formation

Soil type Geol. form. Area (%) Gullies Rills MM Sinkh. Tun. Total (n)

Rendzic Leptosol Ks_limestone 338 2.0* 0* 5.4% 0* 13.0* 19
To_limestone 16.9 4.3% 0* 2.0* 100* 82.6* 115
Q_alluvial 14.8 4.8% 0* 3.4* 0* 0* 19
Te_shale—sandstone 9.9 0.4* 3.2% 0.5* 0* 0* 3
Tpal_shale—sandstone 15.7 79.8% 67.7* 66.0 0* 0* 360
Tm_sandstone 0.2 0 0 0 0 0 0
Ts_andesit 8.7 8.7 29.0* 22.7* 0* 4.4 77

Total (n) 252 31 203 84 23 593

Chromic Luvisols To_limestone 3.5 333 0 20.0 0 0 6
Te_shale—sandstone 6.2 50.0% 0 15.0 0 0 6
Tm_sandstone 71.6 16.7 100 65.0 0 0 15
Q_alluvial 24.9 0 0 0 0

Total (1) 6 1 20 27

Eutric Vertisol Ks_limestone 4.0 19.4* 0 8.6 0 0 10
To_limestone 1.4 0 0 0 0 0
Te_shale—sandstone 2.3 0 0 0 0 0
Tm_sandstone 0.9 0 0 0 0 0 0
Tpal_shale—sandstone 1.2 16.7* 22% 25.7* 0 0 17
Ts_andesit 1.2 58.3% 78%* 45.7* 0 0 44
Q_alluvial 88.9 5.5% 0* 20.0* 0 0 9

Total (n) 36 9 35 0 0 80

Peli-eutric Vertisol Ks_limestone 8.9 0 0 0 0 0 0
To_limestone 17.5 3.0 0* 0.9* 0 0 5
Te_shale—sandstone 29.5 10.7* 15.3* 20.0 0 0 37
Tpal_shale_sandstone 30.1 75.3% 69.2% 67.6* 0 0 178
Q_alluvial 139 10.7 15.3 11.4 0 0 28

Total (n) 130 13 105 0 0 248

n.d. n.d. 50 2 13 1 66

Total (n) 482 57 392 85 23 1039

For ease of reading the number of sites showing a given type of erosion for a given combination of soil type and geological formation is expressed as percentage of the
total for the respective erosion type. MM, mass movement; *, significant differences (p<0.05) between the distribution of the combinations between soil type and

geological formation and the occurrence of soil erosion forms.
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Table 5
Occurrence of different soil loss forms depending on vegetation

Vegetation/ Gullies  Rills MM Sinkholes ~ Tunnel  Total

erosion form (%) (%) (%) (%) (%) (n)

Uncultivated 17.8 14.0 23.7 2.3 65.2 204
land

Without 0.21 0.76 4
vegetation

Secondary forest 13.0 3

Cynodon 0.42 2
dactylon

Eleusine indica 1.4 1.7 1.8 15

Cynodon 7.1 5.3 4.8 832 21.7 136
plectostachyus

Pennisetum ssp. 0.21 3.5 0.25 4

Brachiaria 0.76 2.3 5
humidicola

Hyparrhenia 1.4 7
rufa

Corn 7.0 6

Paspalum 32.0 47.3 36.0 322
notatum

Brachiaria 29.0 24.5 27.5 262
decumbens

Paspalum 1.02 4
virgatum

n.d. 10.5 3.7 331 65

Total (n) 482 57 392 85 23 1039

For ease of reading the number of sites showing a given type of erosion for a
given vegetation is expressed as percentage of the total for the respective
erosion type. MM, mass movement; n.d., not determined.

mass movement each, 85 sites with sinkholes with a total of
1122, and 23 sites with one tunnel each (Fig. 2). That means that
rills and sinkholes often were found aggregated on one field.
The occurrence of soil erosion is concentrated in certain areas of
the region (Figs. 1 and 2). The width of the gullies varied from 1
to 65 m, their length from 1 to 200 m and their depth from 1 to
12 m. The rills varied from a length of 6 to 228 m. The mass
movements varied from 2 to 80 m in width and 1 to 12 m in
depth. The diameter of the sinkholes varied from 4 to 21 m, the
diameter of the tunnels from 4 to 10 m.

4.1. Inclination
The plains dominated by Fluvisols, Gleysols and Histosols

(47% of the whole study area) are hardly affected by soil erosion
(Tables 1, 2). The majority of the gullies, rills and mass

Table 6

Occurrence of different soil loss forms depending vegetation cover

% Veg. Gullies Rills MM Sinkholes Tunnels Total
cover (n)
0-10 439 29.8 48.5 1.2 44 421
10-30 27.8 35.1 27.5 1.2 4.4 265
30-50 13.3 14.0 12.2 0.0 17.4 124
50-80 11.6 15.8 10.7 58.8 60.9 170
80-100 3.1 5.3 1.0 38.8 13.0 59
Total (n) 482 57 392 85 23 1039

For ease of reading the number of sites showing a given type of erosion for a
given class of vegetation cover is expressed as percentage of the total for the
respective erosion type. MM, mass movement.

Table 7
Classification matrices of the models predicting presence and absence of erosion
types on 956 sites in Southern Tabasco, Mexico

Erosion type Prediction Observation Cohen’s Kappa
Present Absent

Rills Present 0 0 0.00 (“no”
Absent 55 912

Gullies Present 291 207 0.36 (“poor”)
Absent 138 331

Mass movement Present 58 16 0.19 (“very poor”)
Absent 318 575

Tunnels Present 17 2 0.81 (“very good”)
Absent 6 942

Tunnels? Present 18 18 0.60 (“good”)
Absent 5 926

Sinkholes Present 82 21 0.86 (“excellent”)
Absent 2 862

Sinkholes® Present 71 17 0.81 (“very good”)
Absent 13 866

* Not including explanatory variable “vegetation”.

movements are concentrated in areas lower than 100 m a.s.l.
with inclinations of 10 to 30° (Table 2). The high frequency of
the superficial soil erosion forms on these inclinations is
significantly different from the frequency distribution of the
inclination-classes in the study area. All sinkholes and 87% of
the tunnels are located in an area between 200 and 300 m a.s.l.
with an inclination of less than 5° (Table 2). This occurrence is
also significantly higher than expected from the frequency
distribution of the inclinations in the area.

4.2. Soil type and geological formation

Although only 10.8% of the study area is occupied by rendzic
Leptosols, approximately 50% of the gullies, rills and mass
movements occur on this soil type (Table 3, Fig. 2A) which is
significantly higher than expected from the soil type frequency
distribution in the area. 66 to 80% of the superficial erosion
forms that occur on rendzic Leptosols are located on shale
sandstone of the Paleocene which is significantly higher than
expected from the frequency distribution of the geological
formations in the area (Table 4, Fig. 2A, B). Leptosols over
limestone, Alluvial, and Oligocene shale sandstone are signif-
icantly less affected by superficial soil erosion as expected from
their frequency distribution in the area (Table 4, Fig. 2A, B).

34 to 37% of the superficial erosion forms are located on
eutric or peli-eutric Vertisols (Table 3, Fig. 2A). However, the
occurrence of these erosion forms on eutric Vertisols (7.5—
15.8%) corresponds to the percentage of this soil type in the
region (13.9%). 46 to 78% of the superficial soil erosion forms
are located on ecutric Vertisols over Andesits, 16.7 to 25.7% of
them occur on Vertisols over shale sandstone of the Paleocene
(Table 4, Fig. 2A, B). Eutric Vertisols over Cretaceous
limestone are also significantly more affected by gully erosion
than expected by the geological formation frequency distribu-
tion in the region.

Peli-eutric Vertisols are strongly affected by superficial erosion
forms. Gullies, rills and mass movements occur on this soil type
significantly more often than expected from the percentage of this



284 V. Geissen et al. / Geoderma 139 (2007) 277-287

Elevation < 197 m

|

Hﬁ>

No tunnels (827, 99.9%)

Elevation > 197 m

— Vegetation = succession forest or uncultivated land

Geological formation = Oligocene or
Cretaceous limestone

Tunnels (19, 89.5%)

gical formation = other

g

(

Geolo

|

No tunnels (8, 100%)

— Vegetation = other

B
_|: Elevation < 197 m

Elevation > 197 m

|

No tunnels (113, 95.6%)

|

No tunnels (827, 99.9%)

r— Former land use = high primary forest or temporal
crops
Geological formation = Oligocene or
Cretaceous limestone
Tunnels (36, 50.0%)
Geological formation = other

:

|

No tunnels (6, 100%)

— Former land use = other

|

No tunnels (98, 95.6%)

Fig. 3. Classification trees for occurrence and absence of tunnels. (A) Full model
including all environmental variables, (B) alternative model excluding the
variable “vegetation”.

soil type in the area (8%). While peli-eutric Vertisols over
limestone, Alluvial and Eocene shale sandstone are hardly
affected, peli-eutric Vertisols over Paleocene shale sandstone
are strongly affected by gullies, rills and mass movement.
Chromic Luvisols are significantly less effected by soil erosion
in this region (Table 3, Fig. 2A). Although they occupy 17.1% of
the area, only 1.2 to 5.1% are affected by superficial soil erosion.
All the sinkholes and 82.6% of the tunnels are located on
rendzic Leptosols over limestone of the Oligocene (Tables 3, 4,
Fig. 2A, B). No other soil types and hardly no other geological
formations are affected by these subterranean soil loss forms.

4.3. Vegetation

Independent of the soil type, vegetation plays an important
role for erosion processes. Under forest vegetation and
agricultural use no superficial erosion occurs in the study
area. However, 13% of the tunnels occur under secondary
forest. The pastures mainly affected by superficial soil erosion
are dominated by the grass species Paspalum notatum and
Brachiaria decumbens, whereas 88% of the sinkholes are found
under Cynodon plectostachyus and 65% of the tunnels under
uncultivated land (Table 5). Not surprisingly, increasing
vegetation cover led to decreasing superficial soil losses
(Table 6). 65 to 76% of the superficial erosion forms occur on
areas with vegetation cover of less than 30% (Table 5).

However, 59% of the sinkholes and 61% of the tunnels occur in
areas with a vegetation cover of 50 to 80%.

4.4. Classification trees

The prediction success of the classification trees for the
superficial erosion types rills, gullies and mass movement is
poor with Cohen’s Kappa never more than 0.29 (Table 7). Rill
erosion cannot be modeled at all as the classification tree fails
completely to predict rill occurrences. Sensitivity and specific-
ity of the gully model are modest with values of 68% and 62%,
respectively. Sites without mass movement occurrence are
satisfactorily predicted by the respective classification tree
(specificity: 97%); however, prediction success for sites with
mass movement occurrence is low (sensitivity: 15%).

The classification trees for subterranean water erosion
perform much better, characterized by a sensitivity of 74%
(tunnels) and 98% (sinkholes), a specificity of almost 100%
(tunnels) and 98% (sinkholes), and high values of Cohen’s
Kappa (Table 7). Both models include the explanatory variable
“vegetation” (Figs. 3A and 4A). We induced additional classi-
fication trees leaving out vegetation to discover relationships
between erosion and the variables independent of actual land
use. The alternative tunnel model performs considerably worse
with Kappa dropping to 0.60, the alternative sinkhole model is
almost as good as the full model (Table 7); the most important
variable next to geological formation in both trees is the type of
former land use (Fig. 4A and B). Sinkholes appear on Oligocene
limestone exclusively; areas covered by natural vegetation

A
T Geological formation = Oligocene limestone
Vegetation = corn or Cynodon plectstachyus or
Brachiaria humidicola
Sinkholes (103, 79.6%)
Vegetation = other
No sinkholes (27, 92.6%)
— Geological formation = other
No sinkholes (837, 100%)
B

— Geological formation = Oligocene limestone
— Former land-use = rangeland
Precipitation > 2500 mm
Sinkholes (10, 100%)
Precipitation < 2500 mm

Sinkholes (32, 59.4%)
— Former land-use = riverine, secondary and

high primary forest, reeds

No sinkholes (36, 75.0%)

— Geological formation = other
No sinkholes (837, 100%)
Fig. 4. Classification tree for the occurrence and absence of sinkholes. (A) Full

model including all environmental variables, (B) alternative model excluding
the variable “vegetation”.
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Table 8
Basal nodes of the classification trees for superficial erosion forms and the fitted
probabilities for occurrence and absence

Erosion form Basal node Predicted  Fitted Erosion
class probability  risk (%)
(%)
Rills Geological No rills 100 0
formation=0ligocene or
Cretaceous limestone
Geological No rills 93.2 6.8
formation=other
Gullies Geological No gullies 87.0— 13.0
formation=sandstone or
Oligocene limestone
Geological Gullies 50.3 50.3
formation=other
Mass Geological Nomass 923 7.7
movement formation=0ligocene movement
limestone
Geological No mass 56.3 43.7
formation=other movement

20 years ago (mainly primary and secondary forests) do not
show sinkholes, whereas the majority of sites that were already
used in 1985 for rangeland suffered from this form of
subterranean water erosion. Tunnels are predicted on elevations
of more than 197 m a.s.l. on Oligocene or Cretaceous limestone
if the actual vegetation is agricultural use or succession forest.

Classification trees not only predict occurrence or absence of
a given erosion type on a given plot; they can also be used to
evaluate erosion risk for a plot with a given combination of
environmental variables. As shown in Figs. 3 and 4 at each
terminal node (“leaf” in classification tree terminology) the trees
provide a fitted probability P for the predicted class which
simply can be interpreted as erosion risk: P in the case of
assignment to class “occurrence” (e.g., tunnels), or 1 —P in the
case of assignment to class “absence” (e.g., no tunnels). Even
when classification criteria (sensitivity, specificity, Cohen’s
Kappa) are low these probabilities — at least of the main
bifurcation of the trees — give valuable information (Table 8).
Probabilities of about 50% (as for example for gullies and the
branch “geological formation=other” in Table 8) yield
worthless predictive models with Cohen’s Kappa close to
zero, but still are useful results for erosion risk mapping.

5. Discussion
5.1. Superficial erosion

The analysis of single environmental factors by y*-tests
showed strong relationships between the occurrence of
superficial soil erosion forms and inclination, vegetation, soil
type and geological formation. We mainly found inclinations of
10 to 30° to be affected by gullies, rills and mass movements.
Morgan (1994) also described that areas with lower inclination
are less affected by gully erosion and mass movement. Areas
with inclinations of more than 30° are less affected in the study
area due to the fact that these sites still are covered with forest
vegetation. The soil types that are mainly affected by superficial

erosion are rendzic Leptosols and peli-eutric Vertisols. These
soil types are characterized by a low infiltration rate which leads
to a high runoff rate of rainwater (Palma and Cisneros, 2000).
Rendzic Leptosols and peli-eutric Vertisols affected by
superficial erosion are mainly located over Paleocene shale
sandstone which show an intensive weathering. The formation
of saprolit in these geological formations may favor earthflow in
hilly areas and lead to the formation of linear erosion forms.

Due to lack of data on spatial proportions of actual vegetation
types in the study area, we have no statistical proof; however, we
suppose that the grasses Brachiaria decumbens and Paspalum
notatum are not adequate to prevent superficial soil erosion as local
livestock farmers in Tabasco believe. This fact was also confirmed
by Souza and Seixa (2001) for soils in Brazil and by Semiday et al.
(2002) for soils in Puerto Rico. Instead, Moreno (1998) proposed
to establish silvopastoril systems for erosion control.

Not surprisingly and as described by many other authors
(Wischmeier and Smith, 1978; Hutson, 1982; Morgan, 1994) we
confirmed that superficial soil erosion decreases with increasing
vegetation cover.

Although inclination, soil type, geological formation and
vegetation cover had a strong influence on the occurrence of
superficial soil erosion forms, it was not possible to create
successful models to predict the appearance of superficial soil
erosion forms. This is due to the fact that we could predict
absences of certain soil erosion forms under certain conditions
(high specificity), but the model did not predict their occurrence
in a sufficient way (low sensitivity). If, for example, mass
movement mainly appears on peli-eutric Vertisols on Paleocene
shale sandstone this does not necessarily mean that the majority
of these soils are affected by this erosion form. The models
show, that we cannot predict precisely where superficial soil
erosion forms will occur, however we (i) can identify
combinations of environmental factors with high risk of being
affected by certain superficial erosion forms and (ii) we can
exclude several areas which most probably will not be affected.
Nevertheless, additional information on more specific soil
properties such as infiltration rate, organic matter, texture etc.
seems to be indispensable to allow for better modeling success.

5.2. Subterranean erosion

Tunnel erosion or subterranean soil losses and sinkhole
formation are not mentioned in the soil degradation maps of
SEMARNAT (2002) and are not considered in any predictive
model for soil erosion such as USLE, WEPP, SIDASS etc.
(Wischmeier and Smith, 1978; Lane and Nearing, 1989; De la
Rosa et al., 2005). These phenomena are typical for limestone
regions in the tropics (Gerstenhauer, 1966, 1978).

40 years ago Gerstenhauer (1978) described the entire study
area still to be covered with an undisturbed soil layer under
tropical rainforest. Deforestation in this area brought about
changes in the water balance and consequently a lowering of the
water table. Li and Wang (1990) describe the following conse-
quences for karst (sinkhole) formation: a lowered groundwater
table leads to increased groundwater velocity and, therefore, it
eats away and erodes the soil cover to form a soil cave at the
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interface between the soluble bedrock and the cover. If the soil
cover is thin and has a poor structure, the soil cave enlarges until
a collapse occurs (Li and Wang, 1990). Furthermore rainwater
infiltration plays an important role for karst collapse (Keqgiang
et al., 2004). The more water that enters into the bedrock zone,
the higher is the dissolution of the limestone. In Leptosols
rainwater infiltration into the bedrock layer is higher than in
soils with a thick layer. Therefore, the tunnels which had been
covered by a soil layer under forest collapsed after deforestation
and sinkhole formation has taken place in the last 40 years in the
study area. The above-mentioned theories also explain the fact
that sinkholes only occur on rendzic Leptosols and none of the
sinkholes occur on Luvisols or Vertisols which are also
associated with Oligocene limestone. Li and Wang (1990)
explain that if the soil cover is thick, a natural balanced arch will
develop and the cave will not collapse.

In contrast to the superficial soil erosion forms, predictive
potential of the models for subterranean erosion forms is very
high. They show that the only important factors for the occurrence
of sinkholes were geological formation (Oligocene limestone)
and former or actual land use. The important factors for the
prediction of tunnels were elevation, geological formation
(Cretaceous or Oligocene limestone) and actual vegetation type.
While sinkholes were only predicted on Oligocene limestone,
tunnels were also predicted in Cretaceous limestone. This may be
due to the fact that the latter type of limestone forms “kegelkarst”
due to its chemical composition (Gerstenhauer, 1978). This
formation leads to limestone hills and residual cones. The
importance of the elevation can be easily explained by the
appearance of Cretaceous and Oligocene limestone only in areas
over 197 ma.s.l. The prediction of tunnels under succession forest
and uncultivated land may be due to the fact that in these sites the
vegetation cover is dense with deep roots, and therefore the
formation of sinkholes is prevented. Tunnel formation is a natural
process in limestone. However, the occurrence of sinkholes is
strongly influenced by human activity as shown in this study.

Whereas in the areas previously used as forest no sinkholes
are predicted, areas with former use as pasture are strongly
affected. This most probably also is due to the change in the
groundwater table after deforestation. The processes of
groundwater table lowering described above, which led to
sinkhole formation, do not occur instantaneously but require
certain time for their development. Sinkholes occur with a lag
time of several years. Our results suggest the need to count with a
lag time of 20 years or more, as sites that still were forested in
1985 do not yet show sinkhole formation whereas sites where
deforestation took place earlier are strongly affected. The iden-
tification of a time lag is extremely important in conservation
planning and can help to determine susceptible areas where
erosion will almost inevitably occur in the near future unless
protection measures will be taken.

In Tabasco in many areas used as rangeland, the grass Cyno-
don plectostachyus is sown to protect soils against erosion
processes (Geissen and Morales Guzman, 2005). This works well
in areas with medium inclination to prevent them from superficial
erosion. However, Cynodon plectostachyus does not prevent
sinkhole formation, because in order to inhibit sinkhole formation

not superficial flow but groundwater properties must be changed.
A pasture, such as Cynodon plectostachyus, does not influence
soil water dynamics in a sufficient way. The only way to reduce
sinkhole formation appears to be reforestation in order to decrease
infiltration and to stabilize soil by tree roots.

6. Conclusions

Manifestations of water erosion do not occur randomly in a
tropical landscape but show distinct relationships with the
landscape’s geological, pedological, topographic and biological
features. Subsurface erosion seems to be dependent on rather
basic environmental properties, in the case of Tabasco by geo-
logical formation, soil type, inclination and dominant grassland
species. Its occurrence can be satisfactorily predicted by simple
models. Even in areas with scarce data-bases — as it is the case
for most tropical countries — this could allow for easy iden-
tification of high-risk areas and sustainable land-use planning.
However, superficial erosion seems to be mainly caused by more
sophisticated environmental factors (for example, soil texture,
infiltration rate, etc.) which might be harder to identify in the
tropics due to the lack of detailed small-scale cartography. The
mapping of pedological factors is highly desirable and seems to
be an indispensable prerequisite for the determination of water
erosion risk in the tropics.

Qualitative modeling by automated classification tree
induction can be a valuable tool for preliminary data analysis
and hypothesis generation. As pointed out by Vrieling et al.
(2002), qualitative modeling normally relies on the knowledge
of experts that have worked in the region for a long time (e.g.,
Shrestha et al., 2004 in the Nepalese Himalaya). In case there is
no local expertise available — as will be the case in the bulk of
area in developing countries — the data must speak for
themselves and data-mining methods may yield first insight
into the environmental variables—erosion relationship. The
resulting models may guide erosion risk mapping and soil
conservation planning as well as identifying knowledge gaps
and requirements for future data collection.
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