
Introduction

Hillslope debris flows (Brunsden 1979) are one of the
most common geomorphic phenomena in mountain-
ous areas (Innes 1983; Johnson and Rodine 1984;
Blijenberg 1998) (Figure 1). They have been described
as the “rapid mass movement of blocky, mixed debris of
rock and soil by flow of wet, lobate mass” (Rapp and
Nyberg 1981), as “the downslope flow of debris mixed
with a minor, yet significant, amount of water” (Innes
1983), and as “rapid mass movements similar to viscous
fluids” (Varnes 1978). Brunsden (1979) pointed out
that they typically occur on slopes with abundant non-
consolidated sediments, steep gradients, scarce plant
cover, and no previous rills or incised channels. Scars
develop at the rupture area (“a shallow landslide that
evolves into a debris flow” [Bathurst et al 1997]), and a
tongue develops with lateral levees ending in a frontal
lobe with imbricated, nonsorted clasts (Varnes 1978;
Rapp and Nyberg 1981; Johnson and Rodine 1984).
They are usually linked to intense, relatively infrequent
rainstorms (Kotarba 1989; Van Steijn 1996; Blikra and
Nemec 1998).

Most hillslope debris flows are small (less than 10-m
scar width and 50- to 100-m run-out) and, in general,
disconnected from fluvial networks. They pose the most
active geomorphic risk in mountainous areas, affecting
infrastructure, human settlements, and tourist resorts
(Takahashi et al 1981). This is partly why they have
received attention worldwide (Innes 1983), especially in
terms of spatial distribution and rainfall thresholds

(Caine 1980). In some cases, debris flows have been
predicted by multivariate statistical analysis and geo-
graphical information systems (GIS) (Carrara et al
1995; Guzzetti et al 1999).

Hillslope debris flows are the result of a complex
interaction between environmental (lithology, gradient,
shape of the hillslope, plant cover, microtopography)
and human factors (land use) under certain pluviomet-
ric conditions (Blijenberg 1998; Blikra and Nemec
2000). The main purpose of the present article is to
identify and define the importance of the factors that
trigger debris flows and explain their spatial distribu-
tion in a highly variable mountain area with a long his-
tory of human disturbance. Most of the analysis concen-
trates on the Flysch Sector of the Central Spanish Pyre-
nees, where a high density of debris flows has been
recorded and mapped.

Study area

The upper basins of the Aragón and Gállego rivers in
the Central Spanish Pyrenees (Figure 2) occupy
1727 km2. The highest altitudes exceed 3000 m (Infier-
no Peak, 3090 m; Balaitús, 3151 m), and much of the
area is above 2000 m, with strong altitudinal contrasts
between divides and valley bottoms. Landforms differ in
lithological strength, geological structure, and inherit-
ed morphology from the last Pleistocene glaciation.
The geological structure runs in parallel bands from
west-northwest to east-southeast, whereas the main flu-
vial network runs from north to south. Four of these
bands run through the study area (García-Ruiz et al
1990) (Figure 3):

• The axial or paleozoic area, with granitic massifs and
massive, intensively folded slate and limestone out-
crops, resulting in a very contrasted relief.

• The Inner Ranges, which correspond to an over-
thrusting anticline composed of Cretaceous and
Paleocene limestone and sandstone. The relief is
very rough, with vertical cliffs and karstified areas.

• The Eocene Flysch Sector (867 km2), with thin beds
of calcareous sandstone and marls. The gradients are
smoother and homogeneous, in spite of intense tec-
tonization, including complex faults and folds. The
divides reach 2200 m. Contact with the marls of the
Inner Depression is at about 800 m, by means of an
overthrusting fault.

• The Inner Depression, composed of Eocene marls,
forming a large valley from west to east. Most of the
landscape is occupied by fluvial terraces and short
pediments (glacis).

Precipitation increases toward the north along the
altitudinal gradient, and to the west because of the
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Atlantic influence. A Mediterranean climate prevails
toward the south and the east. The mean annual pre-
cipitation in the study area exceeds 800 mm, increasing
to 2000 mm above 2000 m (García-Ruiz et al 1985). The
wet season extends from October to May, with very little
rain in January and February. The whole area is occa-
sionally subject to very intense rainstorms (García-Ruiz
et al 2000), which can cause serious damage by flash
floods (White et al 1997) and mass movements.

Human disturbance is intense below 1600 m. In the
Flysch Sector most of the sunny hillslopes have been
cultivated (even steep sections) using shifting agricul-

ture systems (Lasanta 1989). Old fields outside the
Inner Depression are often abandoned and substituted
by dense shrubland (Molinillo et al 1997) and reforest-
ed pines. Crops and meadows persist only on the valley
floors.

Above 1600 m the landscape is dominated by dense
forests and subalpine and alpine grasslands, occasional-
ly affected by intense erosion (García-Ruiz et al 1990).
Periglacial activity above 2400 m explains the scarcity of
plant cover and geomorphic processes linked to
frost–thaw processes.

FIGURE 2 The study area in the Spanish Pyrenees. (Map by authors) FIGURE 3 Morphostructural units of the study area. (Source: IGME and own data)

FIGURE 1 Scar of a shallow
landslide that evolves into a
debris flow. (Photo by José M.
García-Ruiz)
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Methods
Debris flows in the upper Aragón and Gállego basins
were mapped by aerial photographs and during field-
work. They were defined by the presence of a small scar
at the starting point and a lobate tongue with marginal
levees (Johnson and Rodine 1984; Costa 1988; Zimmer-
mann 1990). We identified 961 debris flows that were
also digitized into a GIS (ARC/INFO, v. 7).

A Digital Elevation Model was also developed with a
50 � 50-m pixel resolution. The following continuous
variables were derived:

• Altitude (m).
• Gradient: maximum rate of change in elevation in

each cell and in 8 neighboring cells (deg).
• Aspect: compass direction of the maximum slope

(deg), reclassified in 8 classes.
• Profile curvature: surface curvature in the direction

of slope, resulting in acceleration or deceleration of
flow.

• Planform curvature: surface curvature perpendicular
to the direction of slope, resulting in convergence or
divergence of flow.

• Contributing area: area drained by each cell (m2).
• Distance to divide: distance between the cell and the

divide following the flow path (m).
• Topographic index: TOPMODEL topographic index

(Beven and Kirkby 1979) k = ln(a/tan �), where a is
the upslope contributing area of each cell and � the
local slope angle.

Other relevant categorical variables were added to
the GIS, following the same 50 � 50-m grid structure:

• Lithology (6 classes).
• Plant cover (7 classes).
• Land use (4 classes).

Approximately 88% (851 cases) of the debris flows
were in the Flysch Sector, although flysch only repre-
sents 42% of the study area. Other lithologies (58%)
accounted for 11.5% of the flows. Thus, most of the sta-
tistical analysis was focused on the Flysch Sector.

The database was divided into cells with or without
debris flows in order to evaluate significant differences.
For nominal variables we performed a test of the differ-
ence between proportions, based on the c2 distribution
for a 2 by 2 table. A Mann–Whitney U-test was used to
analyze continuous variables.

Debris flows (from both the whole study area and
the Flysch Sector) were classified into groups by a con-
glomerate analysis (cluster, k-means) and a discrimi-
nant analysis to define the main triggering factors.

Results
The study area contained an average of 0.56 debris
flows per square kilometer, with an irregular spatial dis-
tribution (Figure 4). Debris flows could be triggered
almost anywhere, but densities increased in the Flysch
Sector (1 case/km2), especially near the Inner Depres-
sion. There, the flysch is affected by many faults and
folds, especially a long overthrusting fault that encour-
aged the triggering of old slumps, in whose scars many
debris flows are located.

Debris flows are rare in other lithologies, except for
some Quaternary deposits (talus screes). A primary
cluster analysis of the whole study area established 3
groups of debris flows: the first at 1150 m, the second at
1250 m, both in the Flysch Sector, and the third at
1750 m in different lithologies, clearly demonstrating
the differences between the middle and the high moun-
tain debris flows. As a result of this classification and
the high number of debris flows in the Flysch Sector, we
concentrated on this restricted area in order to identify
the most important triggering factors, regardless of
lithology.

Figures 5 and 6 illustrate the contrasts between the
Flysch Sector and the frequency distribution of debris
flows, according to both categorical and continuous
variables (only significant factors were included).
Tables 1 and 2 summarize the significant differences
between the distributions of both categorical and con-
tinuous variables in cells with or without debris flows.
These differences help to illustrate where debris flows
are generally found.

The Flysch Sector has slightly more southern expo-
sures. This trend is clearly more pronounced in the
case of debris flows (Figure 5). The southwestern and
southern aspects make up 44% of the cases (>1.2 cas-
es/km2), followed by the western (16%) and southeast-
ern exposures (16%). The occurrence of debris flows is
very low (6%) in the north and northeast exposures.

With respect to plant cover, 9% of the Flysch Sector
is farmland, especially on the valley floor on fluvial ter-
races and alluvial fans. Natural pine forests make up
25% of the study area, followed by shrubs (19%), refor-
ested pine (17%), oak and evergreen oak woods (12%),
subalpine grasslands (10%), and beech and fir woods
(9%). The distribution of debris flows shows a higher
concentration in reforested areas (31% or 1.7
cases/km2), followed by shrubs (24%) and natural pine
woods (20%), as compared with beech and fir woods
(6%) and farmland (0%).

Approximately 74% of the study area has never
been farmed. Cultivated sections include sloping fields
(17%) followed by flat fields (5%) and bench terraced
fields (2%). The noncultivated area contains 68% of all
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the debris flows, and sloping fields contain 30% (256
cases or 1.7 cases/km2, Figure 5).

As for continuous variables, the altitudinal distribu-
tion of the study area is very homogeneous from 500 to
2000 m and above. Debris flows appear at any altitude
but are more common between 1000 and 1400 m, espe-
cially from 1100 to 1200 m (1.5 cases/km2, Figure 6).
This belt is the most affected by deforestation and
intense farming on the southern aspects, with sloping
fields and shifting agriculture.

Most debris flows (82%) are on 20–35° gradients,
especially between 25 and 30° (1.8 cases/km2, Figure
6). Few are found under 15°. The role of gradients over
35° has not been assessed because of the lack of steep
slopes in the Flysch Sector.

Figure 6 also includes information on the frequen-
cy of 2 microtopographic variables: the Topographic
Index and the Profile Curvature. The remaining contin-
uous variables are not statistically significant. The Topo-
graphic Index confirms that debris flows tend to occur
on steep gradients draining relatively few cells and dis-
appear on gentle gradients draining large surfaces.

Profile Curvature shows little difference between
the study area and the location of the observed debris
flows. Both are very frequent around zero (a straight
versant), but debris flows tend slightly more toward
concave hillslopes.

Tables 1 and 2 and Figures 5 and 6 suggest that,
within the Flysch Sector, debris flows are triggered on
sunny, slightly concave hillslopes between 1000 and

FIGURE 4 Location of hillslope
debris flows in the Upper Aragón
and Gállego valleys, with special
reference to the Flysch Sector.
Each dot represents the location
of a debris flow scar. (Map by
authors)
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1400 m on 20–35° gradients and in areas with human
disturbance (especially old sloping fields, scrub areas,
and reforested areas).

The cluster analysis (k-means) helped to distin-
guish 3 groups of debris flows in the Flysch Sector. A

discriminant analysis has defined the most important
variables in the differentiation of the 3 groups. This
method points out 2 functions that explain 100% of the
variance. The first absorbs 87.7% of the variance and
separates Group 1 from the other 2 groups. The second
absorbs 12.3% of the variance and separates Groups 2
and 3. The factors most related to Function 1 are the
Topographic Index, the area draining toward each
debris flow scar, and the distance between the divide
and the debris flow scar. The most important factors in
Function 1 are related to land use.

Debris flows in Group 1 (323 cases) are 200–400 m
from the divide, whereas Groups 2 (290 cases) and 3
(348 cases) are less than 200 m away. The same trend is
apparent using the Topographic Index and the area
draining toward each scar.

Groups 2 and 3 differ because of the prevalence of
old, abandoned sloping fields and reforested areas in
Group 3. Group 2 is located in areas that have never
been cultivated.

Table 3 demonstrates the similarity between the
classification of the defined groups and those predicted
by the discriminant analysis (95.9% of the cases have
been correctly classified).

Discussion and conclusions

We attempted to identify the most important factors
that trigger hillslope debris flows and classify them

FIGURE 5 Proportional distribution of cells affected and not affected by debris
flows according to continuous and categorical variables.

FIGURE 6 Frequency distribution
of cells affected and not affected
by debris flows according to sig-
nificant continuous variables.
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according to several variables. It is well known that
debris flows are triggered by high-intensity rainstorms
(Caine 1980; Kotarba 1989; Van Steijn 1996; Blijenberg
1998; Deganutti et al 2000), but their spatial distribu-
tion is not random. Lithology, altitude, aspect, plant
cover, and land use play important roles.

The Flysch Sector contains most of the debris flows
identified in the Upper Aragón and Gállego valleys
(88%), as also reported in other countries (Tischenko
2000). In the Alps, Blijenberg (1998) found that,
“regions with a high debris flow frequency are mostly
situated in flysch deposits … or rapidly alternating
rocks with dense faulting” (p 178). The reasons for this
are:

1. The presence of alternating beds of sandstones and
marls, yielding a deep and loose colluvium.

2. Intensively faulted and folded areas of the Flysch
Sector that increase the instability of poorly sorted
material, especially in old slump scars.

Debris flows are often triggered in a colluvium
mantle derived from strongly tectonically modified

materials (Lin et al 2000). This is why debris flow scars
are abundant in the southern part of the Flysch Sector,
where marls of the Inner Depression make contact via a
long overthrusting fault, fractures, and related slumps
(Martí-Bono et al 1997).

The remaining factors were closely related to
important human disturbance on the hillslopes, espe-
cially in:

*: Significant at a = 0.01.

Not affected Affected Significance test

(%) (%) (DF/km2) Z value a

Land use Non-cultivated 73.8 67.9 0.90 4848.30 <0.001*

Flat fields 5.3 0.2 0.04 691.68 <0.001*

Sloping fields 17.2 30.1 1.71 1304.52 <0.001*

Terraced fields 3.6 1.8 0.48 562.51 0.004*

Total 100.0 100.0 0.98

Plant cover Farmed area 8.7 0.0 0.00 901.53 <0.001*

Meadows 9.9 6.2 0.62 960.27 <0.001*

Pine 24.6 20.6 0.82 1648.66 0.007*

Beech and fir 9.0 5.8 0.63 911.92 <0.001*

Oak, evergreen oak 11.9 12.0 0.99 1061.03 0.952

Pine reforestation 17.1 31.3 1.80 1295.76 <0.001*

Shrubs 18.8 24.2 1.26 1384.83 <0.001*

Total 100.0 100.0 0.98

Aspect North 9.0 2.5 0.27 917.10 <0.001*

Northeast 10.6 4.1 0.38 998.70 <0.001*

East 11.2 10.0 0.88 1023.64 0.277

Southeast 13.3 16.2 1.20 1127.17 0.012*

South 14.4 18.0 1.23 1177.99 0.003*

Southwest 17.2 25.7 1.47 1305.57 <0.001*

West 12.9 16.5 1.25 1105.25 0.002*

Northwest 11.5 7.1 0.60 1045.26 <0.001*

Total 100.0 100.0 0.98

TABLE 1 Significance test
between proportions of cells
affected and not affected by
debris flows (DF). Z, normalized
difference between propor-
tions.

Continuous variable Z value a

Altitude −5.34 <0.001*

Gradient −20.36 <0.001*

Profile curvature −6.79 <0.001*

Planar curvature −0.57 0.566

Topographic index −8.00 <0.001*

Ln (contributing area) −0.29 0.769

Ln (distance to divide) −0.08 0.936

TABLE 2 Significance test between distributions of continuous variables in
cells affected and not affected by debris flows.

*: Significant at a = 0.01.
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1. Southern aspects, which are the most favorable for
farming in the Central Spanish Pyrenees in order to
counteract the short growing season (Lasanta 1989).

2. Altitudes between 1000 and 1400 m, with sloping
fields and where shifting agriculture was most inten-
sively practiced (Lasanta 1989).

3. Scrubland and reforested pines, coinciding with
eroded areas after centuries of human-induced fires
and overgrazing (Figure 7). Most of the reforested
areas were previously affected by intense soil erosion
and severe degradation (high soil stoniness, open
shrub cover) (Ortigosa et al 1990). Some debris flows
are also triggered on hillslopes covered by natural
forests (especially pine, as was pointed out by Caine
and Swanson [1989]), but these are rare in the Span-
ish Pyrenees compared with the deforested areas.

4. Hillslopes covered by sloping fields or previously sub-
ject to shifting agriculture with few man-made struc-
tures for soil conservation. Sloping fields were once
the response to a higher population density, giving
rise to increased deforestation and farming of sunny
hillslopes.

Debris flows are most frequent in the Flysch Sector,
especially where human disturbance is high. Most
debris flows in the Spanish Pyrenees are found in dis-
turbed areas, on steep slopes cultivated some decades

ago and affected by overgrazing and recurrent wildfires
(García-Ruiz and Puigdefábregas 1982; González et al
1995). García-Ruiz et al (1988) demonstrated a close
relationship between wildfires and debris flows in a sim-
ilar mountain environment (see also Cannon 2000).
Similarly, Wu and Swanston (1980) and Squier and Har-
vey (2000) related them to forest logging, because of
changes in the subsurface conditions, but this is not
always the case. In the Alps, Zimmermann (1990)
reported a high proportion of debris flow scars in the
periglacial belt. Van Steijn et al (1995) arrived at a simi-
lar conclusion. Although periglacial conditions are not
necessary, certain features of the periglacial environ-
ment encourage the development of debris flows. We
cannot confirm this because our study concentrated on
the Flysch Sector, below 2200 m with few limestone
cliffs, but some debris flows were found in the alpine
and subalpine belts when the whole Upper Aragón and
Gállego valleys were considered.

Gradient is another limiting factor because no
debris flow scars occurred on hillslopes with gentle gra-
dients. Takahashi et al (1981) also found that most of
the debris was between 25 and 38°, whereas Innes
(1983) found that it was between 32 and 42°.

The 3 groups of debris flows from the cluster and dis-
criminant analyses were distinguished by land use, plant
cover, and microtopographic factors. The first group
showed a large distance between debris flow scars and
divides, as well as a relatively large area drained by each
debris flow scar. The other 2 groups, with a shorter dis-
tance from the scar to the divide, were separated by the
characteristics of plant cover and traditional land use. This
confirms that human disturbance introduces changes in
shear strength and flow distribution responsible for trig-
gering shallow landslides, as is the case with debris flows.
These results can help to identify high-risk areas in moun-
tain environments in order to reduce the impact of debris
flows on infrastructure, tourism, and human settlements.

Actual No.
Predicted group membership

group of cases 1 2 3

Group 1 323 322 (99.7%) 1 (0.3%) 0. (0.0%)

Group 2 290 4 (1.0%) 274 (94.4%) 13 (4.6%)

Group 3 348 21 (5.9%) 1 (0.3%) 326 (93.8%)

TABLE 3 Results of the discriminant analysis: classification of cases; percent
of cases correctly classified = 95.88%.

FIGURE 7 Hillslope debris flows
in a reforested area of the Cen-
tral Spanish Pyrenees, showing
scars, channels, and the run-out
distance. (Photo by José M. Gar-
cía-Ruiz)
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