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Abstract The combination of high-quality landslide inventories and geomorphic attri-
butes that can be derived and analyzed by geographic information systems can provide
powerful and straightforward input into mapping landscape-wide landslide susceptibility.
A methodology for generating landslide susceptibility maps can assist land managers in
reducing risk to populations and economic land use from landslide hazards, particularly in
areas prone to landslide disasters, such as tropical mountain ranges. Pico de Orizaba is the
highest stratovolcano in Mexico, and throughout its geologic history, it has had large
landslides triggered by flank collapse as well as small landslides triggered by high seasonal
rainfall on terrains covered by poorly consolidated materials. The present work analyzes
the distribution of small landslides embedded in volcanic landforms to characterize slope
instability. The Rio El Estado watershed on the southwestern flank of Pico de Orizaba
volcano has been selected as a study area. In the area, landforms are ascertained through
aerial photographs, field investigations, and an adaptation of the Landslide Hazard
Zonation Protocol of the Washington State Department of Natural Resources, Forest
Practices Division in a GIS-based technology. For each landform, a semi-quantitative
overall susceptibility rating is derived by using the landslide area rate and the landslide
frequency rate. This analysis divides the watershed into seven mass-wasting landforms that
are assigned slope stability susceptibility ratings from low to very high. The overall sus-
ceptibility rating for this watershed is very high. The technique and its implementation are
presented and discussed.
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1 Introduction

In Mexico, an active volcanic chain extends for 1,000 km in an approximate east—west
direction from the Pacific Ocean to the Gulf of Mexico. This geologic-geomorphic
structure, the Trans-Mexican Volcanic Belt (TMVB) physiographic province (Fig. 1),
embraces many dormant and active stratovolcanoes and monogenetic fields (Verma 1987;
Centro Nacional de Prevencion de Desastres 2001). The area is prone to landslides because
of conditions such as volcanic activity, earthquakes, high rainfall during the wet season,
poorly consolidated ash fall and other pyroclastic deposits, a high degree of weathering,
and steep slopes.

In the eastern part of the TMVB physiographic province, Pico de Orizaba volcano is the
highest dormant stratovolcano (5,675 m a.s.l.). The physiographic conditions predispose it
to episodic evacuation of debris flows by both deep and shallow mass movement followed
by slow refilling with colluvium. The risk associated with debris flow is increased by the
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Fig. 1 Location of the study area in the Trans-Mexican Volcanic Belt (TMVB)
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lack of significant volcanic activity at Pico de Orizaba over the past 147 years (De la Cruz-
Reyna and Carrasco-Nuflez 2002), which has led to increased human settlement and
economic activity along its flanks. This creates a hazardous situation for 360,000 people
living on the southern flank, where landslides along the stream system threaten towns such
as Coérdova, Orizaba, Rio Blanco, Nogales, and Ciudad Mendoza (Instituto Nacional de
Estadistica y Geografia 2010). For example, in 2003, rainfalls triggered landslides on the
up-stream southern flank. The landslide sediments increased the destructive power of a
debris flow that caused loss of life and property at the town of Balastrera (a settlement at
the base of the volcano). The Mexican oil company (PEMEX), of which multiple conduits
were destroyed in the debris flow event, constructed retention walls and gabions along the
lower valley of the Rio Chiquito-Barranca del Muerto to protect the conduits. However, no
landslide inventory or landslide susceptibility zonation was undertaken for the middle and
upper portion of the watershed; and in 2011, a new landslide event destroyed the retention
walls and gabions.

At Pico de Orizaba, efforts to assess volcanic susceptibility and slope stability have used
GIS and remote sensing (Hubbard 2001; Sheridan et al. 2001; Hubbard et al. 2007; Le-
gorreta et al. 2014) to make predictive maps somewhat more helpful and suitable for
engineers, policy-makers, and developers who seek to carry out landslide susceptibility
mitigation. However, the landslide susceptibility has been difficult to evaluate owing to
large spatial and temporal variability as well as a lack of landslide inventory maps.

In light of the above, the El Estado watershed on the southwestern flank of Pico de
Orizaba volcano has been selected as a case study area to provide standardized methods for
conducting semi-quantitative overall susceptibility ratings for each volcanic landform by
using the landslide area rate and the landslide frequency rate from the Landslide Hazard
Zonation Protocol of the Washington State Department of Natural Resources (WA DNR),
Forest Practices Division (2006). In the study area, a preexisting inventory of 107 land-
slides covering 0.088 km? (Legorreta et al. 2014) is used to assess and describe landslide
distribution. The volcanic landscape is classified into landform units based on morpho-
metric parameters, aerial photographs, field investigations, GIS thematic layers (such as
elevation, slope, hill shade, aspect map, and geological map), and expert knowledge (Dikau
et al. 1995; Washington State Department of Natural Resources, DNR, Forest Practices
Division 2006; Evans 2012). This analysis divides the watershed into seven volcanic mass-
wasting landforms that are assigned slope stability susceptibility ratings from low to very
high. The susceptibility rating is calculated for each volcanic landform by using the
landslide area rate (LAR) and the landslide frequency rate (LFR). The technique and its
implementation are presented and discussed as well as the implications for the landslide
susceptibility associated with the El Estado watershed at Pico de Orizaba volcano.

2 Background

Many geographic information system (GIS)-based applications have been used throughout
the world to represent and assess landslide susceptibility and landslide hazard; each uses a
heuristic, statistical, or deterministic approach at a local or regional scale, and each has
advantages and limitations (Anbalagan and Bhawani 1996; Van Westen et al. 1997;
Hammond et al. 1992; Montgomery and Dietrich 1994; Pack et al. 1998; Parise 2001; Zhou
et al. 2003; Lee et al. 2004; Xie et al. 2006; Qiu et al. 2006). During a landslide sus-
ceptibility modeling and Landslide Hazard Zonation analysis, one of the most important
geomorphological characteristics to be considered is the presence or absence of landslides.

@ Springer



562 Nat Hazards (2015) 77:559-574

To accomplish the task of modeling, the distribution and abundance of landslides are
expressed through the use of landslide inventory maps and by the subdivision of a land area
into landforms (Iwahashi et al. 2001; Washington State Department of Natural Resources,
DNR, Forest Practices Division 2006; Hervas and Bobrowsky 2009; Blahut et al. 2010;
Evans 2012; Jasiewicz and Stepinski 2013). The interpretation and analysis of the rela-
tionships among landforms and gravitational processes are indispensable for landslide
susceptibility and hazard zonation projects, not only to establish the extent of landslide
hazard in an area, but also to highlight advantages and limitations of the landslide sus-
ceptibility and hazard maps (Stallins 2006; Dietrich et al. 2003; Legorreta and Bursik
2009). For landslide analysis, landforms have been defined as a basic geoform or geo-
morphic unit in an area, characterized by a unique combination of geometry, materials,
process, and history (Evans 2012; Zinck 2013). Definition and delineation of landforms for
landslide susceptibility and hazard zonation have been conducted worldwide through
various approaches dictated by the scale of the analysis, the requirements of the users, and
time and funding availability (Washington State Department of Natural Resources, DNR,
Forest Practices Division 2006; Corominas and Moya 2008; Evans 2012). These approa-
ches include visual identification with expert knowledge and empirical evidence as well as
automatic mapping using geomorphological parameters, first and second derivates from
digital elevation models, filter techniques, and statistical analysis (Pennock et al. 1987;
Pike and Dikau 1995; Washington State Department of Natural Resources, DNR, Forest
Practices Division 2006; Iwahashi and Pike 2007; Minar and Evans 2008; Evans 2012;
Jasiewicz and Stepinski 2013). For example, since the 1990s, the Washington State
Department of Natural Resources, Forest Practices Division, USA, has had a Landslide
Hazard Zonation (LHZ) project whose goal is to create a slope stability screening and
management tool by identifying landforms with landslide hazard in order to better describe
and map all potentially unstable slopes where forest practices might occur. Landforms are
linked (via the landslide inventory) to a level of hazard and sensitivity to land management
(Vaugeois 2003; Legorreta et al. 2008). In Mexico, local or regional analysis and mapping
of landslide phenomena have been performed (e.g., Bocco 1983; Tapia-Varela and Lopez-
Blanco 2002; Bolongaro-Crevenna et al. 2005; Capra and Lugo-Hubp 2006 Pérez-Gut-
iérrez 2007; Secretaria de Proteccion Civil 2010). These studies have analyzed landslide
types, triggering mechanisms, and landslide hazard reconnaissance. In the last decade,
there has been significant improvement in the procedures for data capture, data analysis,
and representation through the use of GIS and remote sensing. For example, in 2010, the
Secretariat of Civil Protection of Veracruz State in collaboration with other federal and
state government agencies published an atlas of geological and hydro-meteorological
hazards at the state level, and in 2011, the Federal Government through the Secretariat of
Social Development published an atlas of natural hazards at the municipal level based on
the use of GIS (Secretaria de Proteccion Civil 2010; SEDESOL 2011). For Pico de Ori-
zaba, the volcanic hazard has been assessed by computer simulations of lahars with GIS
and remote sensing (Hubbard 2001; Sheridan et al. 2001; Hubbard et al. 2007). In the
present study area, a multi-temporal inventory map and a landslide susceptibility map are
created by means of multiple logistic regression (MLR). The model is implemented with
the GIS platform LOGISNET (Legorreta et al. 2014).

Despite these efforts, there is no standardized procedure to prepare landslide suscep-
tibility or hazard maps. Also there is a lack of systematic comparison of landslide models
that could outline advantages and limitations of the methods. This is due to the difficulties
of assessing a model in natural conditions with different cartographic scales, DEM reso-
lutions, and sampling strategies (Haneberg 2005; Chinnayakanahalli et al. 2003; Borga
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et al. 2002; Morrissey et al. 2001; Guzzetti et al. 1999). In order to standardize such
procedures, it is necessary to calibrate the mapping of landslides and landforms in a well-
known and manageable pilot study area.

3 Study area

The Rio El Estado watershed is at 18°55'23"-18°59’36" N and 97°16'17"-97°14'56" W,
on the southwestern flank of Pico de Orizaba volcano within Puebla and Veracruz states,
Mexico (Fig. 1). From the administrative point of view, 51 % of the area belongs to the
municipality of Atzitzintla, Puebla, and 36.1 and 7.7 % to La Perla and Mariano Escobedo
municipalities of Veracruz, respectively. The study area covers 5.2 km* 23.7 % of the
land is designated for forest use and 76.3 % for agriculture and other uses. The basin is
elongated with a length of 13 km and an average width of 0.72 km. The average slope on
the river bed is ~30.6 % (~ 17°), although along the watershed some places (valleys of
relatively flat plains) have slopes of 8.7 % (5°), whereas in others (valley walls and steep
hillslopes), the values exceed 100 % (>45°). The study area is a large piedmont charac-
terized by hilly and steep terrain with elevations from 2,677 to 4,248 m a.s.l. and com-
posed of pyroclastic materials, lava flows, landslide deposits, and alluvial sediment. El
Estado river is a sub-basin of Rio Chiquito-Barranca del Muerto watershed—a tributary of
the Rio Blanco—which flows into the Gulf of Mexico. The stream system of El Estado
erodes andesitic and dacitic Tertiary and Quaternary lavas, pyroclastic flows, and fall
deposits. Along the stream system, shallow landslides predominate on steep hills capped by
ash and pyroclastic deposits. The steep hills typically experience episodic evacuation of
debris by shallow mass movement followed by slow refilling with colluvium (Fig. 2c).
Where the stream erodes lava flows and lahar deposits, rockfalls have occurred (Fig. 2b).
Active and dormant deep-seated landslides are found in ash and pyroclastic deposits
(Fig. 2d).

4 Methods

The method presented here is modified from the original used in the Washington Forest
Practices Protocol to address landslide hazards (Washington State Department of Natural
Resources, DNR, Forest Practices Division 2006), but it has been adapted to meet specific
needs for mapping landslide susceptibility in volcanic terrains. The method encompasses
all the steps followed by WA DNR to generate a hazard map, but it does not use the WA
DNR SLPSTAB susceptibility model (Bilderback and Brunengo 2007; Shaw and Johnson
1995) because landslide processes in volcanic terrains in Mexico are different from the
ones across Washington state. The WA DNR SLPSTAB is as a western Washington State
calibrated hillslope convergence-based susceptibility model. By using this adapted method,
the final map becomes a susceptibility map, not a hazard map. Since El Estado watershed is
used for the first prototype of this method in volcanic areas in Mexico, landslides and
landforms are assessed using a heuristic approach that shows a direct relationship between
the occurrence of landslides and the causative terrain parameters in each landform. The
heuristic analysis uses the WA DNR general geomorphological criteria such as slope
gradient and form, lithology, hydrological conditions, and landslide density to define
specific landforms at Pico de Orizaba volcano. As a result, these landforms are considered
as homogeneous units that can be represented on any of the hillsides of this volcano. The
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Fig. 2 a Landslide inventory (Legorreta et al. 2014), b Rockfall deposits in lava flow areas, ¢ Shallow
landslides and debris flow, d Deep-seated landslide

defined landforms in this study are hillslopes with interbeds of pyroclastic flows and lahars
(2,690-3,270 m a.s.l.), gravitational deposits (cones and mantles), flat-bottomed valleys
(inter-mountain alluvial plain), low-gradient andesitic hillslopes capped with pyroclastic
mantles (3,190-3,810 m a.s.l.), steep-gradient dacitic hillslopes covered by pyroclastic
falls (3,310-3,990 m a.s.l.), dacitic hillslopes covered by thick pyroclastic falls
(4,250-3,960 m a.s.l.), and fluvial valleys. They are more inclusive than the small-scale
unstable landforms defined in the Washington landslide hazard protocol, referred to as
“rule-identified landforms” (inner gorges, bedrock hollows, convergent headwalls, outer
edges of meanders, and active scarps of deep-seated landslides) and non-rule-identified
landforms (such as non-rule-identified inner gorges, non-rule-identified bedrock hollow,
steep-gradient hillslopes, moderate-gradient hillslopes, and low-gradient hillslopes).

The research begins with collecting background information to provide context, establish
a generalized characterization of landslide processes, and define landforms within the
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watershed; this involves derivation of a digital elevation model (resolution 3-m) from a
topographic map of the area at a scale of 1:20,000 (Instituto Nacional de Estadistica y
Geografia (INEGI) 2000). Six data layers were obtained from the elevation data: shaded
relief, slope angles, slope curvature, contributing area, flow direction, and saturation. Ana-
logue lithological map at a scale of 1:35,000 (Carrasco et al. 1994) is incorporated in the GIS
by digitalization of lithological units. The background information also includes a historic
landslide inventory map (Fig. 2a) (Legorreta et al. 2014) that is created by identifying and
mapping landslide topographic expression—as interpreted from topographic maps—two sets
of aerial orthophotographs, thematic layers, and fieldwork. Landslides are mapped and
classified into shallow landslides, debris flows, debris slides, deep-seated landslides, earth-
flows, and rockfalls according to the Landslide Hazard Zonation Protocol (2006) of WA DNR
Forest Practices Division, Cruden and Varnes (1996), and Wieczorek (1984). The landslide
inventory also has a spatial geo-database of landslide attributes. One of these attributes—
landslide parts—allows researchers to separate each mapped landslide into its head scarp,
evacuation zone, and deposit (Fig. 3). For the landslide susceptibility zonation analysis, only
definitive landslide head scarps are considered. The two sets of orthophotographs that cover a
period from 1994 at a scale of 1:20,000-2008 at a scale of 1:10,000 in conjunction with the
3-m resolution DEM and other GIS thematic layers in the GIS and field reconnaissance are
used to map landforms. These landforms are identified from primary driving forces of mass
wasting based on physical attributes of the landscape such as landslide density, slope gradient,
elevation, hydrological characteristics, lithology, and slope convergence.

A preliminary landform product is generated and amended as necessary based on the
information from the landslide inventory and aerial photographs. The researcher first
identifies stable areas of the landscape, then delineates high-susceptibility landforms. For
map legibility, landforms are not smaller than 0.2 hectare (minimum mapping polygon
size). Pertinent attributes of mapped landforms are recorded on the GIS geo-dataset. These
are: (1) landform identification tag, (2) mass-wasting processes, (3) degree of certainty of
the observation, (4) landform area, (5) average landform gradient measured from the 3-m
resolution DEM, (6) land use, (7) date of landslide identification on field or on aerial photo,
(8) field or aerial photograph identification number, and (9) researcher’s comments. Seven
landforms derived from physical attributes of the landscape are mapped (Fig. 3). For each
landform, semi-quantitative susceptibility ratings are derived from values that correspond
to the total area of landslides and the number of landslides within each landform; and they
are normalized for the total period of time spanned between the two sets of aerial ortho-
photographs. These normalized variables are referred to as the landslide area rate (LAR)
and the landslide frequency rate (LFR), respectively. Because the resulting numbers are
always very small fractions, the values are then multiplied by one million and rounded in
order to provide whole easily usable numbers (Washington State Department of Natural
Resources, DNR, Forest Practices Division 2006). Using these semi-quantitative calcula-
tions, the landslide area rate and landslide frequency rate are entered into a matrix to
determine the overall susceptibility rating for each landform. As a result, each landform is
assigned a susceptibility rating of Low, Moderate, High, or Very High. Figure 4 shows the
procedure for rating each landform.

5 Results

During the assessment of El Estado watershed, a representative sample of 107 mass-
wasting features is inventoried, and seven landforms are described in which these mass-
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Fig. 3 Landforms and landslide distribution in the El Estado watershed

wasting features are identified. In the study area, shallow undifferentiated failures, debris
slides, and debris flows are numerically the predominant landslide types (cumulatively
78.5 %) followed by rockfalls (13.1 %), and deep-seated landslides (8.4 %). Almost three-
quarters (73 %) of the mapped landslides are along the fluvial valleys which cover only
11.2 % of the study area. In this landform, debris slide (30.8 %), debris flow (20.6 %), and
rockfall (9.3 %) are the predominant landslide types, followed by deep-seated landslides
(6.5 %) and shallow landslides (5.6 %). The landform is more prone to landslides in the
middle and lower portions of the watershed where there are steep slopes, loose volcanic
ash, pyroclastic flow deposits, and volcaniclastic sediments (Fig. 5). Ninety-three percent
of all landslides in this landform are at elevations between 2,677 and 3,640 m a.s.l. The
remaining landslides are in landforms with weathered, massive, blocky, or brecciated
andesitic and dacitic lava flows and lahars covered by fall deposits (Table 1).

The landforms predict areas that pose susceptibility for mass wasting (Fig. 5) and are as
follows:

@ Springer



Nat Hazards (2015) 77:559-574 567

Landslide Area Rate (LAR) = Area of Landslide Frequency Rate (LFR) = Number of
‘delivering’ landslides /Landform area / ‘delivering’ landslides / Landform area/ Years *
Years * 10° 10°
|
v v

Qualitative ratings Landslide Area Rate |Landslide Frequency Rate

Low <76 <100

Moderate 76 to 150 100 to 199

High 151 to 799 200 to 999

Very High >799 >999

| I
v

Landslide Frequency Rate
Low Moderate |High Very High
Low Low Low Low Low
Moderate |Low Low Moderate |High
" | Landslide |High Moderate |High High Very High
Area Rate |Very High|High High Very High |Very High

v

Overall Susceptibility Ratings for the watershed

Fig. 4 General procedure for producing a semi-quantitative overall susceptibility rating per landform

(D

2

3)

“4)

Gravitational deposits (cones and mantles) cover 1.44 % of the watershed area and
contain 12.15 % of the mapped landslides. Their potential for mass wasting and
delivery is very high. These areas may occur intermittently in lateral extent along
the fluvial valleys and include all slope forms (convergent, divergent, and planar)
that range between 0 and 53 %. In some places where lava flow walls are present,
the values exceed 100 % (>45°). This category is contained in other high-
susceptibility landforms (fluvial valleys). The gravitational deposits are the initiation
points for many debris slides and shallow landslides.

Flat-bottomed valleys (inter-mountain alluvial plains) cover 2.84 % of the area and
contain 1.87 % of the mapped landslides. Their potential for mass wasting and
delivery is high. The average slope on flat-bottom valleys is 36 %. Although the
landform includes slope forms that are mostly gentler than 10 %, it is possible to
find cuts with slopes >100 %. This category consists predominantly of lowland
forms such as valley bottoms, floodplains, and flat terrace surfaces. Shallow
landslides occur through stream undercutting of the outer edges of valley walls or
high terraces of an unconfined meandering stream.

Andesitic hillslopes capped with pyroclastic mantles (3,810-3,190 m a.s.l.) cover
14.96 % of the area, contain 2.8 % of the mapped slope failures, and include all
slope forms (convergent, divergent, and planar). They include slope forms that have
gradients of <10 %, but on average the gradient is higher than 37 %. The potential
for mass wasting and delivery is high. Rock topples and falls and debris slides can
occur along the channel where lava flows form steep steps.

Hillslopes with interbeds of pyroclastic flows and lahars (3,270-2,690 m a.s.l.)
cover 34.14 % of the area, contain 8.41 % of the mapped slope failures, and include
all slope forms (convergent, divergent, and planar). They include slope forms that
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Fig. 5 Landslide susceptibility
map

Legend
Landslide Susceptibility

- Very high
I High
[ | Moderate

_ |Low

18° 54' 44.2"
97° 16' 52.9"

@ Springer



569

Nat Hazards (2015) 77:559-574

LO1 4! 0 6 (34 0¢ I [eI0L
8L 01 0 L €¢ (4 9 sAQ[[eA [e1An
(Tse W 096'€-0STY) SIIey
0 0 0 0 0 0 0 onseoo1Ad oy £q paraaod sadofsyiry oneq
(T8 W OIE€-066°€) SIIe}
T 0 0 0 0 0 4 onse[oolAd £q paroaos sadojsiiy onroep juaiper3-doos
(I's™® W 069T-0LT'E) Steye|
6 0 0 0 1 L 1 pue smopg oﬁwdﬁoo.bﬂ& JO Spaqrajur yyum quO—w—E:
(Ts® W p1°€-018°€) sopurw
€ 4 0 0 0 1 0 onseoolAd yym paddes sadofs[iy onisepue JuarpeIs-mo|
4 0 0 I 0 0 I (surerd [eranye urelunow-1)ur) sAS[[EA PAW010q-Jel]
€l [ 0 1 6 0 1 (sopueW pue SAU0Y) S}Isodop [BUONEIIABID
S[[ej pue SopI[spue| SopI[s
sorddoy pajeas /s_youe[eAe SMO) sapI[spue|
[e10L Yooy smopyIeg -deoq suqaq Nalklq| mo[reys

ad4&) oprspue

uLIojpue|

paysiajem opeisy [ oY) ur paddewr saprspue [ d[qel,

pringer

As



570 Nat Hazards (2015) 77:559-574

are mostly on average <23 %. This category contains other high-susceptibility
landforms (fluvial valleys) that are the initiation points for many shallow landslides,
debris slides, and debris flows. In the boundary areas with high-susceptibility
landforms, the gradient is higher than 100 %. Their potential for mass wasting and
delivery is moderate.

(5) Dacitic hillslopes covered by pyroclastic falls (3,990-3,310 m a.s.l.) cover 24.82 %
of the area and contain 1.87 % of the mapped slope failures. The landform forms a
pyroclastic ramp that includes all slope forms (convergent, divergent, and planar)
and average gradients of >47 %. The potential for mass wasting and delivery is low.
This category contains fluvial valleys that are the initiation points for many shallow
landslides, rockfalls, debris slides, and debris flows.

(6) Dacitic hillslopes covered by thick pyroclastic falls (4,250-3,960 m a.s.l.) cover
10.57 % of the area. No landslide is mapped. This category represents areas whose
surface expression is characterized by flat to slightly undulating and uneven hills
with little dissection and slopes averaging 27.85 %. The potential for mass wasting
and delivery is low.

(7) Fluvial valleys cover 11.23 % of the watershed area and contain 72.9 % of the
mapped landslides. Their potential for mass wasting and delivery is very high.
Asymmetrical and symmetrical fluvial valleys occur intermittently in lateral extent.
Slopes are generally >70 %, although these gorge systems may fail on convergence
with planar slopes of <65 %.

6 Conclusions

In this paper, we briefly introduce and review the implementation of a method for deter-
mining landslide susceptibility per landform in volcanic terrain. The method is imple-
mented by adapting the WA DNR Forest Practices Landslide Hazard Zonation Protocol for
the standardization and integration of thematic layers, dividing the landscape into geo-
morphically distinct landform areas; and it entails a landslide susceptibility calculation for
each landform instead of a landslide hazard calculation. The final map from the adapted
landslide hazard method is a susceptibility map, because the method does not incorporate
the analysis of the probability of landslide occurrence within a specified period of time by
using the WA DNR SLPSTAB susceptibility model (Bilderback and Brunengo 2007; Shaw
and Johnson 1995). Implementing and developing a GIS-based landslide susceptibility
zonation method in conjunction with the landslide inventory map and its related geo-
database gives a fundamental piece of information for land managers and researchers.

In this study, the susceptibility map (Fig. 5) shows that dacitic hillslopes in the upper
portion of the watershed are less susceptible to landslides. In these landforms, lava flows
below the pyroclastic deposit act as sponges to hold the surface water and occasionally
produce rockfalls. In the middle portion of the watershed where lahar deposits are capped
with pyroclastic deposits, the susceptibility is high and shallow, and deep-seated landslides
are the predominant process. The steep slopes in the valleys where lava flows occasionally
produce rockfalls and where the land use disrupts the strength of soil to produce deep-
seated and shallow landslides are rated with high and very high susceptibility. This finding
is important because the landform has a small forest buffer between 50 and 100 m. This
small buffer is the result of decades of deforestation and modification of the slopes in favor
of agricultural activities. The small buffer of vegetation around the valleys is unable to stop
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the disruption of the slope, allowing the geological conditions in conjunction with
anthropogenic land use changes to trigger an abundance of landslides and landslide sed-
iment production. The coalescence of the up-stream landslide sediments in the watershed
increases the destructive power of debris flows that threaten towns such as Coérdova,
Orizaba, Rio Blanco, Nogales, and Ciudad Mendoza, with a total population of 360,000
people. Thus, this buffer area in the landform needs preventive and corrective measures.

The study at Rio El Estado is an attempt to produce the prototype of a standardized
methodology for future landslide susceptibility and hazard maps of volcanic regions in
Mexico. This adaptation of the Washington Landslide Hazard Zonation Protocol is subject
to modification and improvement with further assessment and comparison with other
watersheds at Pico de Orizaba and perhaps in other volcanic regions. The researchers
acknowledge the technical limitation of the landslide susceptibility map obtained by using
a landslide hazard method as well as the landform map, whose quality depends on the
experience of the investigators, the goals of the project, the complexity of the study area,
the landslide inventory, and the available information. For instance, as a first prototype
defining and delimiting specific volcanic landforms is based on geomorphological expe-
rience that allows researchers to create a framework for future identification of geomor-
phological units in other volcanic watersheds. The limitations of subjectivity and
reproducibility of this heuristic approach can be reduced by following morphometric
parameters and procedures or by automatic geomorphological mapping and statistical
analysis.

Despite the limitations, the authors see the landform map and the landslide suscepti-
bility calculations of El Estado watershed as a method with potential to be the foundation
of an integrated means to handle and support prognostic studies of slope instability. For
example, the semi-quantitative rating for homogeneous volcanic landforms will provide
the basis for landslide hazard/susceptibility comparison among other volcanic watersheds.

Future research should:

(1) Create a hazard map by incorporating the analysis of a multiple logistic regression
(MLR) susceptibility model (Legorreta et al. 2014) to produce the landslide hazard
zonation map.

(2) Calibrate the model with other watersheds at different cartographic scales, DEM
resolutions, and sampling strategies to make the model more statistically reliable
and standardized.

(3) Assess and model landslide hazard and the sediment production of individual
landslide types.

(4) Make the maps and analysis available to the public via web download as soon as
they are created and approved.
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