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Abstract

Tourism is an increasingly important and developing sector of the Peruvian economy and the country is
fast-tracking development to accommodate an influx of tourists, reportedly over 1.8 million/year. Situated
in the southwest region of Peru, Aguas Calientes (Machu Picchu Pueblo) continues to develop
infrastructure to keep pace with this burgeoning tourism industry. Regional geology and hydrology are
importation factors influencing the ability to accommodate tourism in Aguas Calientes. Located at the
confluence of three rivers, the town is also situated in a watershed with high return intervals for flooding
and mass wasting triggered by the sudden, intense rainfall characterizing the wet season. Using a
prototype landslide susceptibility model expanded to analyze exposure and risk perception, this research
examines the relationship between perception and modeled physical variations and processes across the
landscape. The approach uniquely pairs qualitative, ethnographic methods with quantitative data and
modeling to create susceptibility maps and a query-ready spatial database for use in resource
management. Results also suggest the need for re-evaluation of the extent and classification of hazard
zone for use in resource management and land use planning.
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ABSTRACT

Tourism isan increasingly importantand developing sector of the Peruvian economy and the
country is fast-tracking developmentto accommodatean influx of tourists,reportedliy over1.8
million/year. Situated in the southwestregion of Peru, Aguas Calientes (Machu Picchu Pueblo)
continuesto develop infrastructure to keep pace with thisburgeoning tourism industry.Regional
geology and hydrology are importation factorsinfluencing the ability to accom modate tourism in
Aguas Calientes.Located atthe confluenceof three rivers,the town isalso situated ina
watershed with high return intervals for flooding and masswasting triggered by the sudden,
intense rainfallcharacterizing thewet season. Using a prototype landslide susceptibility model
expanded to analyze exposure and risk perception, thisresearch examines the relationship
between perceptionand modeled physicalvariationsand processesacross the landscape.The
approach uniquely pairsqualitative, ethnographic methods with quantitative data and modeling
to createsusceptibilitymapsand a query-ready spatial database for use in resource management,
Resultsalso suggesttheneed for re-evaluation of the extentand classification of hazard zone for

use inresource managementand land use planning.

Keywords: Landslide, M odeling,Risk Perception,GIS, Mountains, Natural Disasters
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1. Introduction

Tourism is an increasingly importantand developing vitalsectorof the Peruvianeconomy.The country
is fast-tracking developmentto accommodatethe influx of touriststo the Cuzco/M achu Picchu region,
reportedly over 1.8 million foreign visitors/year (Anderson2008; Thomas W hite Global Investing2012;
Municipalidad Distritalde M achu Picchu 2011). Situated in the southwestregion of Peru, Aguas
Calientes (M achu PicchuPueblo)experienced a surge of urban developmentasaresultofal998
UNESCO initiative.The developmentplancited the growing tourism industry centered on the UNESCO
World Heritage site, Machu Picchu Sanctuary (UNESCO 2002; Zan & Lusiani2011), asthe primary
reason forthe need forimmediate and planned urban development. A globaltouristdestination, M achu
Picchu Sanctuary attracts hundreds of thousands of touristsannually with as many as two million total
visitors.According to a 2011 development plancompiled by the M unicipal District of Machu Picchu,
the annual numberof foreignand national visitorsto Aquas Calientes between 2001 and 2010, has
increased from 420,870 to 699,831. The region stretching from Cuzco to Machu Picchu Sanctuary
continuestoundergo urban expansion primarily due to the increasesin the tourism industry (Anderson
2008). Inresponse, the town of Aguas Calientes, inan attemptto keep pace, isengaged ina frenetic

developmenteffortthathas created anumberofurban growth managementchallenges.

Recentresearchdetermined thatthe region including and surrounding Aguas Calientesand, in fact,
muchofAndes are located withina high-risk zone for landslides, which furthercomplicatesurban
managementand land use planning (Vilimek etal. 2006). The extreme mountain terrain, high annual
precipitation rates,unique demographics,and increased tourism complicatesthe implementation of risk
managementplans (Ayuda Humanitariay Proteccion Civil & INDECI (InstitutoNacionaldeDefensa

Civil)2012; M unicipalidad Distrital de M achupicchu 2011). As of 2006, reports examining the im pact
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of landslides,which frequently evolve into debris flows' on the region surrounding Machu Picchu
Sanctuary cited increased tourism and unchecked growth in Aguas Calientesas significantfactors

complicating managementsolutions.

According to one study highlighting a particularly destructive debrisflow in 2004, the local population
increased threefold in the lasttwo decades “withouturban control” measures or landslide and erosion
prevention plans (Bulmer & Farquhar2010; Carreno & Kalafatovich 2006; Sassa etal 2003; Sassa et al
2004; Sassaetal 2005; Vilimek 2006). In summary,thereisan identifiable need forsound growth and
risk managementplansin the region,in partdue tothe acknowledged urban growth in association with
the tourism industry,and in partdue to the need to preserve human life, culture,and agricultural
production (Sassa2009; UNESCO 2002, Zan & Lusiani2011). How thenisthe gap bridged hetween
observed conditions, research findings,and successful implementationof urban growth and emergency

managementplans?

The prototype landslide susceptibility modeland methodology presented seeks to offera novel method
of analyzing the spatial distribution of risk perceptionand addressing the following questions.

o First,how does risk perceptionof the susceptibility ofalandscapecomparewith modeled results
and previous findings?

o Secondly,can a spatial analysis of risk perception revealany unique information aboutthe way
residentsof Aguas Calientesperceiveand conceptualize landslides, debrisflows (huaycos), and
rockfallvulnerability?

o And, finally, what are the resulting implicationsofthe consideration of risk perception in hazards

modeling forurban management, disaster managementplans, and resourcemanagement?
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1.1.  Projectarea

Aguas Calientesis located in the heartof the Peruvian Andes, just44milesnortheastof Cuzco, the
ancientcapital city of the Incan Empire. The town issituatedatthe confluence of three perennial rivers -
the Alcamayo, Urubamba (Vilcanota)and the Aguas Calientes (Figure 1). The unique geographic
positioning of the town contributesto a subtropicalvegetationzone contributingto a secluded, lush, and
idyllicsetting for tourists (Parskwatch2004). However, proximity to the riversand the steep granite
slopesthatareeroded by torrential peak flowsexperienced annually during the wet season (November
to March/April) creates potential hazards and associated risk (Vilimeketal2006; Ayuda Hum anitariay
Proteccion Civil & Instituto Nacionalde Defensa Civil 2012). Of the total annualprecipitationof
recorded annualrainfall for Aguas Calientes, 56-67% of that (824 mm to 979mm of 1,463mm)falls
between Novemberand April. In addition to the sheerquantity of precipitation, the frequency and

intensity of the storms contribute to the high risks of flooding, debris flows,and landslides.

2 S
COLOMBIA

A
)

Figure 1. Location of project area, Aguas Calientes, located at the edge of two principle geographic regions,the sierra (or
Andean highlands) and the rain forest. (Imagescompiled from: Google Earth, Inside Peru 2013; www.agutie.com)

Historical and recentevents (mostrecently, damaging debris flowsin 2004 and 2010) underscore the
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characterizationofa landscape undergoing significantchange, increasingly due to developmentimpact,
and isin need of effectivemanagementsolutions (PREDES etal2012). AccordingtoCarreno and
Kalafatovich (2006), similar debris flows to the significanteventof 2004 also occurred along the
Alcamayo Riverin1946,1961, and in 1967 or 1969. In February 2010, a debris flow carried by the
Urubamba River led to severedamage of the narrow gauge rail line from Cuzco to Aguas Calientes. This
flooding along with several mudslidesalong the Inca Trailto Machu Picchu Sanctuary necessitated the
promptevacuationof visitorsand residentsfrom Machu Picchu Sanctuary,the trail,and Aguas Calientes

(Bulmerand Farquhar 2010).

Much of the Inca Trail followsthe Urubamba River.Consequently, landslidesorrockfallsalong the trail
have the potentialto impactdownstream regionsinaddition to posing animmediate threatto tourists,
guides,and portershiking the trail. Aguas Calientes continuesto expand along the riversand creep up
gentlerslopes despite findings by UNESCO-funded researchthatsustainableurban growth management
plansneed to be putintoplaceto mediate the imm inentand high risk of landslides and debris flows
(Sassa 2005). Thisgrowth occursdespitedeveloping concernsover the devastating impactofdebris
flows. These flows originate from slides cascadingdown from slopes measuringover 4,000m with slope
gradientsas muchas 70 degreesoverlooking perennial riverswith high carrying capacity (Bulmer &
Farquhar2010, Carreno & Kalafatovich 2006). Any analysis,then, musttake into account proxim ity to
waterwaysor flow pathsand slope gradientas these variablesmay increase the probability of a landslide

mobilizingintoa debrisflow,

A recentgeophysical study identified several key areas of “weathered and heavily fractured granite

rocks” on the slopesaround Aguas Calientes (Bulmer & Farquhar2010). Slope stability iscompromised
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by “heavily jointed” bedrock exposed to the chemical weathering experienced in thissub-tropical,
humid,albeitmontane environment. The decomposed granitoid soils found along some of themore
densely vegetated slopesaremore susceptible to failuressuch as landslides (Durgin 1977). According to
Bulmerand Farquhar (2010), constructionwithin the commercialdistrictof Aguas Calientescontinues
on “unstablevalley slopes”. Recent studies also state thatthe implementationof vitalaspects of
suggested managementplansremainsproblematic (Bulmer & Farquhar2010; UNESCO 2002).
Residential areas of town continue to develop informally and withoutbuilding codes orconstruction
practicesreflective of the threatand risk of landslidesand rockfalls. Furthercomplicating the situation is
the erosivity of the Urubamba Riverduring peak flow and asa channel for debrisflowsoriginating at
higherelevations. The dischargerate of the Urubamba Riverissuch thatitfrequently carrieslarge
granite bouldersdownstream . All of these characteristics of life in Machu Picchu supporturgentand
creative problem solving inorderto identify sustainable solutionsunique to both the geographic location

and the resources available.
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2. Literature Review
This section offersan overview of salientresearch,theory,and methodology used as the basis for the
novelapproach to analyzing the intersection between modeled landslide susceptibility and risk

perception.

2.1.  Application of GIS to landslide modeling

GIS modeling of landslide susceptibility attemptstoaccount fora myriadof dynamic physical
processes. Weathering,a natural wearing down of a landscape by elements in the environment (i.e. wind,
water, and gravity), isan importantprocesscontributing to the likelihood of a massmovementevent,
Erosionis definedas the transportationofweathered m aterialand massmovementsare extreme, large-
scale,and often sudden type of erosion. M ass movementscan occurquickly withina matter of seconds
oroverlongerperiodsof timesuch asweeksormonths. The typesof massmovementthatare the focus
of thisstudy are landslides and debris flows. The primary cause of such movementsis slope instability
resulting from a reduction in the resistive forces to gravity thatis often triggered by an intense rainfall
event. There area numberof contributing factors,such as land use change and land degradation,thatcan
increase the susceptibility ofa hillslope to erode on the levelof a landslide that, with sufficient water
along a channelcan developinto adebrisflow (Alcantara-Ayala,Esteban-Chavez, & Parrot2006; Selby

1982).

The unique and complex relationship between land covertype (especiallyvegetationtype)and the
corresponding soil characteristicsalso affectthe ability of a hillslope to resisterosion (Cooke 1974). For

example,lossofvegetationdue to developmentor otherland use change can greatly increase the

erodibility“iofsoil (Glade 2003). Contributing factors thatcan lead to an increase in the susceptibility of
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a landscape include the following factors:
o Anareawherealandslide eventpreviously occurred.
o Humanimpactsuch asurbanexpansionresulting in reduced vegetationor cleared slopes.
o Steepslopeswith weak orweakened geologic structure or weakened/fractured exposed bedrock
orrockoutcroppings

o Steepslopesexperiencingthe higherosion due toincreased orunusually high surface runoff.

(Burnsetaln.d., Selby 1982).

The typicaltype of landslide affecting the region mostoften take the form of debris flows. These rapidly
moving loose masses of soil, rock, and watertraveldown steep slopesunder the influence of gravity and
continue down natural drainage channelssuch as the Urubamba River (Iverson,Reid, & LaHusen 1997).
AsAguas Calientesissituatedatthe confluence of threeriversand continuesto grow alongside the
natural pathways forwater, the potential exposure to debris flowsincreases. Inaddition, developmentup
the steep slopeshordering the western perimeter of the town has the potential to increase the
susceptibility of the slopesto failuresand slides.To date,no priorassessment of landslide susceptibility

through the use of GIS modeling hasbheen completed for thisregion.

There have, however, been geophysical assessmentsof hazard zones, areas of risk,and selected
watershed assessments (Bulmer& Farquhar2010; GonzalesInca 2009; Pumayalli2008) within the
region. Bulmerand Farquhar (2010) conducted geophysical surveying and assessment of the channel
carrying capacity of the Aguas Calientes River.As a result,they installeda monitoring and warning
system inthe Aguas Calientes Riverupstream from the town (Bulmer & Farquhar2010). The authors

alsorecommended further investigationand installmentofa permanentmonitoring system.The results
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of theirresearch led them to affirm thatthe town liesina high-risk zone forhazardsand thatthe current
emergency and hazard response and preparednessplanswere inadequate.Of interestingnote isa
conclusion thatthe primary decision makersin the town are the non-expertsand thatsuccessful
implementation of plansrequires effective communication with thissegmentofthe population.Gonzales
Inca (2009) and Pumayalli (2008) conducted larger-scale watershed assessments.GonzalesInca (2009)
identified anumberofareaswithinthe Cuzco watershed where sedimentyield isincreasing rapidly and
suggested poorland use practicesand impacts from tourism impacted these results.Pumayalli(2008)
explored the use of GIS innaturalresource managementwith non-expertpopulationswhere data
sources, particularly forsoil maps,are limited.He concluded thatboth new technology and G IS

modeling are vital to the ability to successfully manage resourcesin the Andes.

These studiesalong with news reportsofrecenteventssupportthe factthathazardsareacommon
occurrence in thisregionand thatlandslides are the chiefamong these. Furthermore, these studies
supportthe application of GIS modeling and of the integralrole non-expertstakeholdersplay in
developing and maintaining long-term,sustainable resource managementplans.And, while no prior
evaluation of the situation such asis presented in thispaperexists,the findingsexplored in these studies

played an importantrole in the developmentof the methods and inthe calibration of the model.

Computer-based GIS modelingof natural hazards offersspatialas wellasnumericalanalysis.Asa
result,analysismovesheyond the experience of consulting 2D paper-based representationsof the area of
concernordata-heavy mathematicalanalysisthattend to isolateselectparameters.GIS analysisisnow
poised to addressdynamic questionssuch as “why and whatif” (Berry 2007; Goodchild 1993; Thom as

& Sappington 2009). A thorough evaluationrequiresthe applicationofrobustquantitativedataexploring
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the physical geography of the landscape (i.e., slope characteristics,influencesof fluvialsystems,soil
type,and vegetativecover) within and without anthropogenic change. Evaluating and weighting
parametersingeographic space allows forthe inclusion of both qualitative and quantitative data and
enablescommunication of the resultsinameaningful way to non-experts.The conceptof GIS modeling
presented in this study allows foranalysisand adjustmentof the complex relationshipsamong the

factorsaffecting hillslope stability while also extending the evaluation to include perception.

Typicalmassmovementprocess flow modelstend to focus on the physicalprocessesatwork and make
numericalor statisticalassessmentsbased on probabilities.However, forthe purposes of thisstudy,a
prototype susceptibility modelis proposed forthe purpose of identifying areasdeserving of further
research and allocation of resources. In addition, the modelisexpanded to examine the role of risk
perception. Additional discussion of the application of thisnovelapproach is presented laterin this

paper.

Typical susceptibility modelsin GIS space often exam ine the potential threatwithin a system by
identifying the areas of significantvulnerability or disruption due to environmentalchange (Borgaetal
2002; Vanackeretal2003). A typicalextensionof such modelingmay includean evaluation of the
relationship between areas of high landslide susceptibility orrisk and developed conditionsoccurring
within those areas (based on directand proximaloccurrence of roads, railroads, utility lines, homes, and
commercialbuildings). Forexample, the railroad connecting Aguas Calientes with Ollantaytambo serves
asone oftwo primary means of reaching thetown. Damage to the railroad tracks by debris flowshas
occurred previously (2004 and 2010), stranding tourists and effectively isolating the town from access to

resourcesexceptviahelicopter.However, they do nottypically include oraccountforacomparison of
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perception asa meansofencouraging, expanding, ordirection policy change. The landslide
susceptibilitymodelemployedin thisanalysis,then, addressesrelative landslide vulnerability as a
function of susceptibility and risk perception and allows forseveral extensions of the modelincluding

evaluations forexposure and flow processes (Berry 1993;Berry 2007).

2.2 Risk communicationapproaches

Increasingly,emergency managementliteratureand agencieshighlightthe vital need to interface with
communities affected by natural hazards, both in the mitigation of and in response to the hazard. The
findings revealed by studies within the field of hazard managementand risk communicationdeveloped
inthe wake of currentexamplesof “grossmismanagement”andthe predicted impactofclimate
variability (FAO 2008; Haddow and Bullock 2005). Additionally,such findingsare now taking into
accountthe increasingly interconnected and globalnature of the economic impactof natural hazards.No
longerare hazards indeveloping countriesisolated events with little meaning for regionsbeyond their
borders. Therefore,identifyingand communicating the threatand risk of hazardsholds significance for
the affected populationas wellas forcountriesand people dependenton the economic stability of that

region.

Since the 1980s, theoriesand methods forinclusionof risk communicationinemergencyand urban
managementplansvaried widely. Itisonly recently thatthe body of literature coveringeffective risk
communication provided a framework with some degree of specificity reflective of a general theoretical
and practicalconsensus (Leiss 2004). Furthercomplicating hazard managementin developing countries
isthe growing presence of and reliance on the tourism industry. Thisdynam ic relationship results in a

complexenvironmentcharacterized by a short-term focuson developmentrather than the adoption of
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long-term sustainable growth managementplans.

Appropriate meansof managing the impactfrom a hazard may notalwaysmean application of advanced
technical methods. Sometimesitisnecessary toidentify whetherincomplete perceptionsor data exist
thatare in factacting againstany measuresinplaceto managedevelopmentwithinan identified natural
hazard zone (Cooke 1974). In particular when attem pting to achieve buy-in from the population at risk,
itisimportantto notonly identify the key stakeholdersbutalso to assessthe presence and/ordegree of
misconceptions. Smerecnik etal. (2012) suggestthatthe field of physical geography isinaunique
position to assistwith education of a populationinthe processofdeveloping managementplans that

adequately servestheneedsof the population.

Efficientrisk communication, then,requiresa steeped understanding and appreciation of the unique
characterof the cultural,economic, politicaland social environmentin the area of concern (Smerecnik
etal 2012). Perceptionscan vary greatly across differentgroups,cultures, and sub-cultures. Slaymaker
and Spencer (1998) define risk perception as the “common sense understanding of hazards, exposure
and risk, arrived at by a community through intuitive reasoning. Evaluations of whether the affected
population feels safe or unsafe often drivespublic policy decisionseven when these perceptionsmay be

atodds with technicalrisk assessments(Slaymaker& Spencer 1998).

Anadded componentoftheprocessofevaluating risk, risk perceptions,and the appropriate means of
communicating and managing the risk, ariseswherever mistrustofagency-drivenchange may be
present.Insome cases, developing countriesnavigating significanteconomicgrowth asa result of

tourism are becoming increasingly dependenton the need to preserve historicaland culturalsitesand
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rearrange priorities to respond to the impact from the tourism . In these circumstances, an evaluationof
risk communicationmethodsprovidesa unique opportunity to bridge knowledge gaps,lay the
foundation forlong-term researchand risk management,and sustainable and “smart” growth. In
addition, risk communicationinsuch regionsmustrespectthe local beliefsystemsparticularly where

issuesofenvironmentalrisk are concerned (Laboy-Nievesetal. 2010),

Furthermore,engaging the local community and encouraging collaboration among agenciesmay provide
the key to developmentof sustainableresource managementplans. To thisend, study of a community
using survey instrumentscan prove useful. Such methods canrevealvitalinformationaboutsocialand
communicationnorms,classstructures,and gapsin the local knowledge basewhich may ormay notbe
inconsonance with governmental or scientificterminology, classification systems,orpriorities
(Bernhardtnd; Swiss Agency forDevelopmentand Cooperation (COSUDE), Gobierno Regional de

Cuzco, & PREDES 2011).

Thus, the methodology and analysis presented in thispaper elucidatesvariableswithoutwhich the
numerically-based equation fora risk managementplan fails. Nowhere isthisperhapsmore true than in
developing countrieswhere populationsmay face sharp contrastsbetween traditionalmethodsand
ideologies and the impactof new technology,global politics, tourism,and socialnorms.Beyond the
need forincreased consideration of risk managementpractices by land-use managersand localand
national governments, researchersand managersmustdevelop efficient,informed, and appropriate
meansof communicationwith localpopulations (Fischhoff1995). Increasingly Public Participation GIS
(PPGIS)isoffering unique ways of studying and creating sustainable solutionsto land use management

challengesand the impactof naturalhazards, particularly in developing countries (M cCall2008;
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Rambaldi2006).

[nsummary,thisstudy proposes thatto truly develop asustainable growth managementplanforAguas
Calientes,itisnecessary to firstevaluate the hazardsimpacted by orinfluencing growth. Second,
managementof growth is betterinformed when the perceptions of the population are understood.
Perceptionsare changeable and subjective.One assessmentcanonly be a snapshotintime of those
perceptionsfrom within a representativesample. However, the inclusion of the local population in the
GIS process (PPGIS) enhancesthe abilityofappropriaterisk communicationand resourcemanagement
to lead to a holisticand sustainable solution (Jordan nd; Weiner & Harris 1999). In addition, when
solutionsmusthbe derived from limited data, the local knowledge ororal history can sometimesprovide
auseful startingpointfor furtherexam inationand applicationof resources.The methodsandnovel
analysis presented in the following section demonstrate the unique benefitof combining a traditional
GIS analysisoflandslide susceptibility with an assessmentof risk perception (Barrocaetal 2006;

McCall2008; Rambaldietal . 2006).
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3. Design and Implementation

3.1 Stage 1: Determining landslide susceptibility

Data forthisanalysisstage was largely prepared using ArcM ap,the primary componentof the ESRI
ArcGIS 10.1 suite of tools. The modelanalysisiscarried outinMapCalc Academic Learner. This grid-
based softwareprogram provided by Red Hen Systems, Inc., offersusers directinteraction with spatial
analysisand spatial statistics tools. Aprimary motivation forthe use of thismodeling platform is the
relatively low-costand shortlearning curve necessary to perform the mathematical operations. When
considering efficientand effective solutions,itis necessaryto consideroptionsthatwill meetthe needs
of aregionwith limited resources.However, significantdatapreparationwas necessary due to a lack of
currentand usable data. The costthatwould be associated with thisdatapreparationis a necessary initial

expense despite being a potentialchallenge.

3.1.1 Datapreparation

The prototype landslide susceptibility modelused slope,soil type, and land covertype to assess
susceptibility. The selectionof these initial, fundamentalcriteriastemsfrom the consensus within the
literature as to the essentialrolesthese have in maintaining or permitting slope failure (Borgaetal 2002;
Gintheretal2013; Pradhan.d.; Vanackeretal 2003). The slope data was derived from a Digital
Elevation Model (DEM ) rasterdatasetprovided by Mr. GonzalesInca (GonzalesInca2009). The DEM
was prepared in ArcMap by extractingthe DEM to the projectarea (Figure2). The continuous, integer,
ratio, rasterdatasetwas derived from aerial stereoscopy and has a resolutionof5m. Itwas provided by

Mr.Carlos Gonzalos Incawho had conducted similarresearch in the region (2009).

Once the raster DEM ws importedinto MapCalc,the terraindatawas analyzed using the Slope
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command. This function usesthe values represented ineightsurrounding cells. The resulting

continuous, ratioslope map isthen renumberedinto discrete ordinal data thatgeneralizesthe amountof

steepnessinpercentage. Thisisdone by a simple renumbering operation thatassignsanew value to all

original valueswithina userspecifiedrange.

Raster DEM - ArcMap

-

Slope Layer Preparation

Raster DEM - MapCalc

Figure 2. Illustration of raster DEM prepared in ArcM ap and then imported into M apCalc.

The land cover type and soil type basemapswere developed and informed by the literaturereview,

expertinterviews, field-based/personalknowledge, satellite imagery,and an orthophoto (Bulmeré&

Farquhar2010; Carlotto, Cardenas, & Fidel 2008; Carlotto, Cardenas, & Fidel 2008; Gonzales Inca

2009; Pumayalli2008). Although laterconverted to raster datasets, the land covertype and soil type

discrete,nominaldatawas firstcreated as vectordata.Polygon boundarieswere determinedthrough a
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combinationof digitizationofsoiland land use mapscreated in AutoCad and observationsmade and
recorded during field explorations of the terrain. The feature classes were created in ArcMap, converted
into raster datasets and then imported into MapCalc and reclassified according to type (top insetin
Figure 3). Land covertypesincludechannel, exposed bedrock,plan (builtdevelopment), montane
rainforest,and bare ground. Soil type classificationsinclude channel, granite/gruss,colluvium /alluvium,
and graniticsoils (bottom insetin Figure 3). Itis the hope of the author thataccessto orthe ability to
assistwith field verification of viable landcoverand soil maps,these basemapsmay be refined as

needed. Inthe meantime,thesemapswere developed asa resultofthe resources listed above.
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Figure 3. Display of feature classes for both land cover type (top) and soil land cover type (bottom) created in ArcM ap.



3.1.2. Modeldevelopment

Page 17 of 55

[nitially,the prototypemodeldeveloped was used to perform a landslide susceptibility analysis (Figure

4). The inputstothe modelincludedslope, land covertype, and soil type.To streamline the modeland

pinpointareas of susceptibility, othervariablesmay beincluded laterin the application and refinem ent

of themodel. However, given the lack of data for the specific projectareaand theregionas wellasthe

unique characteristicsofthe projectarea, the aforementioned inputs were chosen fordevelopment of the

prototype model.
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Figure 4. Process used to determine average overall landslide susceptibility.

The susceptibilitymapsdeveloped using the criterialisted in Table L illustrate areaswith highor low

landslide susceptibility basedon a pre-determined rating system used to calibrate or adjustactual

conditionsto acommon susceptibility rating. In addition,all criteriaarenot treatedas equalinthe model
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with some receiving more weight (importance)thanothers. The rationale behind the weighting and
ranking of the variablesis supported by field observations, interviews with a local geoscientistaswell as
by a literature search where similarattemptswere made to appropriately weightvariablesin a landslide
model (Ayalew etal. 2004; Australian Geomechanics Society 2007; Diop 2012; Feizizadeh & Blaschke
2012). Slope, forexample, hasa greaterimpacton landscape change than does soil typeorland cover

type.

Table 1. Inputcriteria considered in landslide susceptibility analysis, Phase 1, Stage 1.

Calibration Rating Slope Conditions Soil Type Land Cover Type
Assigned

0=Notsusceptible NA 0=Channel 1=Channel

l=least susceptible 0-3% 1=Granite/Gruss 2=Exposed Bedrock
2 NA NA

3=Relatively low 3-25% NA 3=Plan*
susceptibility

4 2-Colluvium /Alluvium NA

5=Relatively moderate 25-70% NA N A

susceptibility

6 NA NA

T=Relatively high 70-400% NA 4=Montane Rainforest
susceptibility

8 NA NA
9=Mostsusceptible >400% 3=GraniticSoils 5=Bare

*Plan=Natural environment modified into built development.

The structure of the rating system suggestssome fundamental assum ptionsaboutthe relationship
between each of the criteriaand landslide susceptibility. Riversdo notcontribute to susceptibility for
slides because landslide threatincreases mostdirectly with slope. However, they do play an integralrole

intheconveyanceof debrisflows. First,however, themodelis used to analyze theinitial detachment or
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slide thatthen oftentimes evolvesinto a debris flow.

The colluvium falluvium soilsare found primarily on the floodplainon which the town isbuiltand do
notcontribute toa high degree of susceptibility. Inotherwords, gently sloping terrain from the
floodplain carriesaminimal or low degree of susceptibility.Unique to thisterrain and thisprojectareais
the sudden rise in elevation from floodplain to steep mountain sides with 100% slopesand greater.Not
only areslopesbeing undercutby the riversthereby increasing slope instability (and thus also
susceptibility), butas land iscleared up slopes,bare, highly erodable soilisexposed to weathering

processes (Selby 1982).

Anincreasein slope combined with the susceptible soil typesand land covertypestypically found in
those higherelevations often resultsina greaterthreatof landslides.However, these comparisonsreveal
only partofthe picture.Weighting the differentcriteriaallowsforamore accuratedeterminationof the
true nature of the relationship between slope, soil types,and land covertype. These findingsinformed
the reasoning behind the specific initial weighting used in thisprototype model. The modelcould be
improved with the inclusionof more detailed and field-gathered ortested data. This was beyond the
scope of thisproject, butiscertainly a viable extension of the analysis.Once the mapsaremultiplied by
theirweight, the weighted average of susceptible ratingsforeach of the three base criteriaiscalculated.

Thisyieldsa map displayingoverallsusceptibility.

3.1.2. Modelprocessing
[nimplementing themodel, the firststep requiresthatthe three base mapsshown above (slope,soil type,

and land covertype)be reclassified (Figured). Thisstep normalizesthe data, allowing for direct
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comparisonsto bemade between maps, something thatisimpossible to do using the original data. For
example, Table 1 identifies all areaswhere slopeisgreaterthan 400% ascorresponding with “most
susceptible”. Therefore, all areas with slope >400% , in the reclassification process, are assigneda “9.”
The datathemselvesare not manipulated.Itis merelyreorganizedinto new categories,thereby

normalizing the data with respectto the landslide susceptibility scale of “1” to “9”.

In the second step, the reclassified mapsare weighted as shown inthe model flowchart (Figure 4). Slope
isweighted and ranked five timesmore important, soilsas2.5 timesmoreimportant, and land cover
typeasone. Inessencethe land covertype weighted map remainsthe same asthe reclassified land cover
typemap. Weighting assigns the relative importance of each variable in the scope of the analysis. Again,
the weighting of each of the variables was a first attemptto approximate the degree of influence or the
role each of these variables has in resisting slope failure or reducing the susceptibility ofaslope to a

slide.

In the third step, the numericalvalue of the datain each of the three weighted mapswill be added
togetherand divided by the sum of all the weights (9) to yield the Overall Landslide Susceptibility-
Unrated (Figure 4). However, the map in this form reveals ittle meaning aboutthenumbersrepresented
acrossAguas Calienteseven when shown overthe terrain (elevation). Thenumbersrepresentthe full

range, butarenot classifiedaccording to the rating system .

In the fourth step,as shown in Figure 4, reclassifying the data inthe Land Use Type M ap to produce
Water Mask-Binary map,assignsa “1” toall valuesthatarenotwaterand “0” to all areas thatare water.

The regionsrepresenting water are then, essentially, disregarded from the analysisfor landslide
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susceptibility by “masking”those areas. The result from thisfinalprocessinPhase 1 isanoutputmap

illustrating the overall landslide susceptibility using the rating system found in Table L (Figure 4).

3.1.3 Stage 1.2: Bufferanalysis

A bufferwas established around the perimeterof the builtdevelopment.Developed in ArcGIS, the
feature classincludesa buffer (~50ft) established around known and observed areasof continued
development. Once the feature class file was converted to a raster file and converted to ASCI foruse by

MapCalc,thisvariable was added to the process used to develop an overall landslide susceptibility map.

Essentially, the purpose of adding thisvariable is to observe any changes inoverall landslide
susceptibility within the projectarea, butalso specifically in those areasaround the perimeter of the
town where clearing of land up moderately steep slopeswould likely resultin exposed, loose soil. This
zone of developmentwas assigned aweighted valueof 2 - higherthan the weightof landcover but
lower than thatpreviously assigned to soil. This value forthe weighting isbased on understanding of the
role bare and disturbed soil playsinsusceptibility and mass erosion events (Selby 1982, Toy etal. 2002).
Thisisan initial estimate on the appropriate weighting and further field testing of the influence of this
assignationisneeded. In the meantime, the resulting map mighthelp establisha “no build/high risk”

zone oratleastopen discussionsregarding the impactofurban expansionup slopes.

3.2 Stage 2: Evaluating forrisk perception
The second stage of the analysisinvolvesthe inputof risk perceptioninto the analysis.The primary data
sourceswere compiled from the field componentof the research. The field componentofthe research

took placeduring a six-week stay in Aguas Calientes between June and August 2012, Twenty-five semi-
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structured interviewswere conducted during which participantscompleted a sketch map identified and
classified areas of perceived risk of landslides, rockfalls, and huaycos (Quechua word fordebris flow).
Prior Institutional Review Board approval of the questions and methodswas obtained priorto data

collection.

Appendix A illustratestheinformalschedule used inattemptto collecta truly representative sample
while stillrandomizing the processof identifying participants.Priorto speaking formally with
participants, approximately 10 dayswere spentexploring the town and building rapportand trust with
residents.In additionto maintainingarecord of observations,GPS datawere collected of significant
pointsof changein the landscape along the rivers and the slopessurrounding the town. Potential
participants were then approached, the purpose of the study explained and the official IRB explanation
of participationpresented.Before conducting the interview, verbalconsentwas obtained. Atthe close of
the interview, participantswere asked to sketch areasof high, medium,and low risk (for landslide or
slide detachment, debris flow, and rockfall),using pre-selected colorand shape coding and a basic street

mapof Aguas Calientes.
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Figure 5. Representative digitized sketch maps displayed over 2000 ortho photo of Aguas Calientes.

Sketch maps are typically free hand mapsdrawn to illustrate geographic ideas and facts from the
perspectiveof the participant(Belln.d.;Jacobson & Kitchin 1995; Wise & Kon 1990). Thispowerful
tool offersparticipantsthe opportunity to visually describe theirperception and, in this case, their
relationship to areaswhere pastdebrisflows, landslides,and rockfallsoccurred, the resulting impact
from those hazard events,and areas thoughtto be safe from the danger of such events (Boschmann &
Cubbon 2013). Following field collection, the sketch mapswere scanned and digitized in ArcGIS

(Figure 5).
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Figure 6. Sketch maps are digitized, averaged, and displayed over the landslide susceptibility map.
The digitized vector data were then converted to rasterdata, importedinto MapCalc,averaged, and
displayed overthe landslide susceptibility map (Figure 6). Thisdata layerprovidesan added visual

presentation aswell asspatial statisticsthatrevealinformationabouthow people position themselves

within theirenvironmentand proxim ity to exposure of areasof susceptibility.

3.3 Stage 3: Analyzing interview responses

The creation of a geodatabase, comprised of the responsesto the interviews, allows forspatial queries of
therelationships that may existbetween perceptionsand proxim ity to areas of susceptibility (Figure 7).

The makeup of the demographic and cultural heritage of the residentsof Aguas Calientesis complexand

includesamixture ofindigenous (mostly Quechua) peoples,Peruvianswho transplanted to the town to
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take advantage of the tourism explosion, and travelers from variousregions of the world (largely
Europe)who decided to make theirhome there (orin Cuzco). However, all have avested interestin the

preservation of theirbusinesses,the tourism industry,and in theirpersonal safety.
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Figure 7. ER (entity-relationship) diagram of relationship between interview data used for performing spatial queries.

The interviewsincorporated both open-ended and structured questions.Participantswere asked to
provide as wellasrank informationrelated to theirknowledge, attitudes and beliefs. The questionsand
generalnature of the interview related to three primary themes (Appendix B). First, the interview tool
was used to assessthe extentof local knowledge of pastlandslide eventsand the resulting impactto
Aguas Calientes. Second, the interview tool was used to assessattitudesand beliefsabout the existence
of landslides, the individual or agency responsible for mitigation, and the role of unplanned urban

growth. And, finally, the interview offered participants the opportunity to provide feedback about their
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personal safety with respectto location (homevs.work, neartherivervs. base of a steep slope) through

the use of a few structured questions using a ranking system and sketchmapping.

[nitially, participants were allowed to orientthe basemap of the town withoutany inputor guidance. If
they appeared confused orexpressed concern,then color Google Earth satellitesimages of the region
were provided. However, given enough time all participants were able to correctly orientthemselves
within the landscape. Not all participants were clearon the distinction between a slide, debris flow, and
rockfall. However, thisisnotcause forconcern As thisis a study thatinpartcan be used to assess the
level of geographical knowledge of the local population,the levelof knowledge abouta geography term,
therole of governmentagencies, oreven the local laws governing new development, the lack of or
incorrectunderstanding of a term or processisusefulinformation.The placementof perceptionsof the
risk within the larger framework of the fundamental hierarchy of needs exposes facets of the growth

managementproblem currently unaddressed.

Afterreturning from the field,the interview responseswere reviewed, translated,and transcribed, if
necessary.The responseswere thencoded intoa Microsoft Excelspreadsheetthatwas laterimported
into Microsoft Accesswhere the relational database was created.The coded answer choiceswere
designated based on the overarching categories or themescommonamong responses. In addition,a table
was created foreach respondentthatincluded GPS pointdata for the location of the interview along
with the approximate location for their home and work asindicated on the sketch maps. The creation of
arelationalgeodatabase offersthe opportunity to run spatial queriesthatcan addressquestionssuch as
whetherproximity to a geographical feature or the location of a past hazard affected responses. Sample

query resultsare shown in the Results section. Essentially, this portion of the analysishas greatpotential
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foruse in avariety of studies of perceptionand knowledge base to aid localagenciesin determining
coursesofactionand developmentofsustainable emergency responseand urban growth management

planswith supportand participationfrom the local population.
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Results

The mapsbelow illustrate the primary findings from the three stages of the analysis putforth in this
paperasa meansto capturethe risk perceptions of the residents of Aguas Calientes.In ordertoevaluate
the perceptions, first,a baseline of risk, or, in thiscase, susceptibility mustfirstbe established.This
providesa kind of truth againstwhich to compare the risk perceptions. To perform abasic assessmentof
the results of the landslide susceptibility model are evaluated with respectto the findings of Bulmer &

Farquhar (2010). This comparison ispresented inthe Discussion section.

Figure 8. Rated landslide susceptibility maps for Aguas Calientes - basic 2D raster image (top) and 3D draped over elevation.
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Theresultof analyzing the inputof the variablesof slope,soiltype and land covertype to determine
landslide susceptibility are shown above (Figure 8). Below the map isshown both asa 2D raster image
and as a3D imagedisplayed overthe DEM . Displaying the mapped resultoverthe DEM offersthe
ability to view the variations in susceptibility rating with respectto relief. As expected, the rivers carry
little to no susceptibility forlandslides (asopposed to debris flows). The majority of the landscape
characterized by builtdevelopmentcarrieslow to moderate susceptibility. The west-facing graniteslope
opposite the town and across the Urubamba also carriesmoderate to low levelsof susceptibility. This
alsowas to beexpected. Thatslopeiscurrentlynotexperiencingany significantfailuresand the chief

hazard associated with thatslope isrockfalls.

Asanadded componentto measuring the level of susceptibility within and surrounding the town, a
second levelanalysiswas performedthataccounted forany increaseinsusceptibility thatmight
accompany urban expansion (Figure9). Again, here we see thatthe area immediately encom passing the
town carriesrelatively low susceptibility,butthatthe susceptibility dramatically increaseswithinthe
bufferrepresenting potentialurban expansion. However, the addition of thisbuffer zone does reduce the

overall range of susceptibility with no region exceeding relatively high susceptibility.
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Figure 9. This map shows the resulting impact to landslide susceptibility should growth continue upslope.

Themapshbelow illustratethe geographical distributionof risk perceptionas expressed through the
sketchmaps (Figure 10). The risk perception of landslide susceptibility displayed overthe DEM s
particularly revealing. W hileitwasnot possibleto analyze risk perceptionover the entire projectarea,
the data provided does allow foran examination of the distribution. Thiscan then be compared to the
results of the prototype model. Based on the mapped resultsbelow, the average perception of the region

appearsto berelatively high including portionsalong the rivers.

Inaddition, the regions at the base of the eastward facing slopeshbordering the town are of note. The
average perception rating isrelatively very low in certain areas. There are also areaswithin the town that
eithercarry very low relativesusceptibility and relatively high susceptibility. These anomaliesin
perceived high risk may serve asan indication thatfurtherexamination and research isneeded to better

understand the underlying causes forsuch a distribution.
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Figure 10. The rated landslide susceptibility map for Aguas Calientes is shown first without visual change with respect to
topography (top) and then isdraped over the DEM (hottom).

Asameansofexploring these areasofnote, we mightimagine the following example. Two respondents

may have identified an area as carrying ahigh risk rating while 23 respondents did notacknowledge the
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areaas containing high risk ordid notacknowledge itatall. Thisisstillan importantaspectof the
results asitrevealsalack of understanding orknowledge as to the realities of the physical processes at
work in the given area, particularly if the modeled results identified the area as high risk. The lack of
identification of an area as containing high, medium or low risk signifies thatthatarea does not,in the
opinionof the respondent,carry any risk. Therefore, for two of the 25 respondents, an area carried high
risk and although 23 respondents did notagree, their lack of identification of risk is telling and bears

furtherstudy.

The results of performing querieson the interview data will vary. An exampleof a result of a simple
query aboutlocalperceptionsregarding building codes and constructionisprovided below (Figure 11).
In anothersample query of the 25 participants interviewed, 10 participantsidentified the Urubamba
Riverascarrying the mostrisk forhuaycos followed by the Alcamayu and, then, Aguas Calientes. Three
peopleidentified acombination of rivers, replying thatitwasnotpossible to identify one thatcarried
morerisk than the others. Those thatidentified the Alcamayu as carrying the mostrisk either lived or
worked withinwhatwould be considered the affected area should the riverreach bankfull and/ora
debris flow rip through the channelcausing damage such as the debris flows experienced in 2005. Since
the banks of the segmentofthe Aguas Calientes River thatrunsthrough the town are enforced with
concrete, itisnotsurprising thatthe fewestnumberof people cited thatriverasthe mostdangerousor

posing the mostrisk.
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Questions.Description +  QuestionID ~ | AnswerCode - AnswerLookup.Description
38 buildings with poor construction
21 will lead to problems in future

i What can you tell me about any rules that determine where and how to build new buildings?
2 What can you tell me about any rules that determine where and how to build new buildings?
Idings? 41 people make decision about where to build

42 insufficient or not many rules or regulations exist

41 people make decision about where to build

14 What can you tell me about any rules that determine where and how to build new by
18 What can you tell me about any rules that determine where and how to build new b
18 What can you tell me about any rules that determine where and how to build new buildings?

%@ ® e

Figure 11. The results of a spatial query of the interview data. Each participantisalso correlated with a GPS point.

Incorporating actualresponsesto questionscan also add a rich tapestry to the results of the spatial
queries. Forexample,in response to the question about where itissafe to build and whetherthere are
sufficientregulations, one of the participants, the female owner of ajuice barinthe local market,
provided the following com ment:

. “.todo loquiero construir™ (“.. all Twantto build”)

« “no hayrespetoporlaautoridad de Municipio..ellos estan preocupado con dinero” (“there is

no respectforthe authority of the Municipal government.. they are preoccupied withmoney”)

In response to the question about whetherthereisa difference between landslidesand rockfalls,the
same participantresponded with:

o “nohaydiferencias; sonigual; si,ocurrenaqui;si,empiezanen o mismo lugar” (“thereareno

differences; they are the same; yes, they occurhere;yes, they begin inthe same place”)



Page 34 of 55

Inaddition,a majority of the participants, regardlessofthe length of timespentinAquas Calientes, were
able to recall, with riveting detail, the degree of damage and short-term and long-term impactto the

town both structurally and economically resulting from the recentnatural disastersin 2007 and 2010,

[n summary,with the creation of the query-ready database and using the corresponding GPS points,itis
possible to identify whether any correlation exists between the selection of one riveroveranotheris
affected by theirproximity to thatriver. A full compilationof salientcommentsalong witha full
summary of the responseswill be provided in the finalreportto the Mayorof Aguas Calientesand the

Ministry of Culturein Cuzco and Aguas Calientes.
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Discussion

To addressthe central questionregarding the comparison between perceptionand modeled results,itis
necessary to alsocompare the modeled results with previous findings, particularly the areas of risk
identified by Bulmer & Farquhar (2010). In addition, a vital assertion of this study isthatthe evaluation
of the spatial distribution of risk perceptionsisimperativeto understanding the readinessand knowledge
base of a population living in a high risk zone fornatural disasterssuch as slides, flooding, debris flows,
and rockfalls. Therefore, acomparison of the resultsof the modeland the mapped perceptions provides

ausefulcomponenttothe analysis by identifying pointsof discrepancy and agreement,

Figure 12. Results of landslide susceptibility model and hazard zones identified by Bulmer and Farquhar (2010).

To beginthen, avisualcomparison between the results of the landslide modeland those published by
Bulmer & Farquhar (2010) are shown above (Figure 12). Inthe image to the right, Bulmer & Farquhar
(2010) identified areas prone to rockfalls, topplesand slides (shown with ared stipple pattern).Areasof

concern for floods and debris flows are shown with a red stripped pattern (Figure 12).

All ofthe areasdemarcated are contained within the highly susceptible regions (“7”-*9" susceptibility

rating). However, there are areasaround the perimeter of the town that, based on the results of the
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prototype landslide susceptibility model,stillcarry a moderate level of susceptibility thatare not
identified by Bulmer & Farquhar (2010). Itisinteresting tonotethe degree of overlap between the
results of the flow accumulation map and the some of the flow paths previously identified (See Figure
12;Bulmer & Farquhar2010), particularly inthe NW cornerof town where there may be a developing

areaof concern.

Figure 13. Photos taken from author’s hostel showing proximity of town to Urubamba River,

Furtherunderlying the complexities of the hazard situation in thisunique setting is the overall response
by participants in illustrating areas of high risk. The vast majority of the town is seento be atmoderate
to high risk for landslides alone. Only aselectfew areason the perimeterof the town are seen as

relatively low to no risk. Thisshould be an importantresultfor land use plannersand managers for the
region as thissuggeststhatthereis arelatively low awarenessof the impactofcontinued development

up the hillside with respectto landslide susceptibility.

In addition, participants viewed the hillside to the eastof the town bordering the eastbhank of the
Urubambaas moderately to highly susceptible to landslides (Figure 13). Given the relative stability of

this largely granite rock face, this,along with the relatively dispersed nature of responsessuggests that
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anopportunity existstoprovide clarification asto the processesinvolved in slidesand the associated
risk. Amajorfinding of thisstudy also includesthe discovery thatthe term “risk” carriesnot only
varying connotations from personto person based on priorpersonalexperience,butalso canvary from
culture to culture. Perspectivestend to be aligned more with the positioning of the individual within the
landscape relative to where they lived orwork ratherthan by gender orlength of time as a resident in
Aguas Calientes. However, those who had spent years,oron the rare occasion, their life,in Agquas
Calientes were able toprovide more detail with regard to pasteventsand seemed to have a deeper
understanding of the underlying causes of landslides, rockfallsand huaycosand the impactofpeople on

the environment.

Furthermore, thistype of analysis offered the opportunityto empoweran under-represented group
(indigenous Andean peoples)and improve collaboration between agencies (internationaland regional)
and the affectedcommunity (Vilimeketal 2010). For the firsttime, the perception of the people of
Aguas Calienteswas consideredin a spatialanalysisof landslide susceptibility.Asa result, the study
may provide usefuland previously unaddressed information for the developmentofurban growth
managementplans. In addition, the improved growth managementplans for Aguas Calientes offer the

potentialto enhance conservationand protectionof theworld-culturalvalue of Machu Picchu Sanctuary.

Areas for Further Research

Onepossible extension of the methods introduced in thisstudy isan exposure analysisusing avariable
with buffer. Such an analysisallows for identification of structures that lie within a bufferand carries
socio-economicweightorrepresentalossorconsequencetothe occurrence of a hazard in the area

defined by the susceptibility model. First,a bufferisestablished surrounding the road thatleadsoutof



Page 38 of 55

the town to Machu Picchu Sanctuary aswell as along therailroad thatenterstown. The purpose of
establishing this bufferisto highlightareasthatwould be affected should a slide occuralong this
transportation corridor. The projectarea sizeis 135 x 117 cells. Each cell size isapproxim ately 32.8ft.

Therefore, the bufferthatisup to sevencellsizesaway extendsa bufferoutto ~230ft.

Second, a variable width buffer up to 50m away or ~164ftisestablished along the Urubamba, Aguas
Calientes,and Alcamayu rivers. This isthe equivalentto setting the bufferup to five cellsaway. The
bufferenablesvisualinterpretation of the threatand resulting impactofa debris flow within that
proximity to the river. The results of these buffermapscan be displayed over satellite imagery inorder
to view affected areas. In particular, land use plannersand resource managerswill be able to identify and
assess the financial impactto builtfeaturessuch ashigh-end hotels, schools, medical facilities, the

police stations,restaurants,and housing.

A flow accumulation analysis could also provide land use planners with additionaldatato support
resource allocation and the findings of the landslide susceptibility modeling. Using the Drain tool in
MapCalc,amap isproduced thatsimply usesthe inputofan Elevation basemap toidentify pointsof
flow.The steepest paths and thus the pathsof greatest flow are illustrated in the resulting outputmap.
Thisprocesscan aid inthe verificationoflandslide susceptibilitymapsand help to highlightany
developing flow paths orweaknesses in the landscape previously notaccounted for inurban planning

and emergency preparednessand response plans,

Though itis presented in the contextof future developments of the methods presented in thispaper, the
resultsof the flow accumulationanalysisare presented here. The resultingmap illustratesboth expected

(theriverchannels) and previously identified areas at risk fora slide ordebris flows (Bulmer&
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Farquhar2010; Figure 14; Figure 12).
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Figure 14, Results of a flow accumulation analysis highlighting areas of highest flow within the project area

Areas of flow within the town correspond with areas of susceptibility for landslides, but also highlight
significant flow pathsthatcarry a low landslide susceptibility rating. Thismay be due to the fact that
land cover type reduces the susceptibility of a landslide, butnotoverland flooding. The area of extended
flow to the south of the flow path thatcorresponds with the Alcamayu River,could suggesta potential
hazard threat for structuresand people within thatdesignated path. In addition,a high and medium flow
path existat the northernend of town may signify adeveloping gulley orareaof unique susceptibility.
Areasofmoderate flow to the northwestof the flow path along the Aguas Calientes River correspond
with the central plaza, main food market,a school, and the municipal building. This area was perceived
to be associated with relatively low risk.Inaddition,itisdemarcated with signage asone of the safe
zones within the town. Thisanalysisthen can provide an interestingcomparisonto both landslide

susceptibilitymodelresultsand torisk perceptions.
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Thereisgreatpotential forapplication of a GIS analysisof the sedimentcontroland erosion issues
facing Cuzco Valley and the Urubamba Valley. Refinementof the modelisneeded and thiswillcome
with creation and inclusion of better and hetter data, really more data, and also with the results of
presentationsand discussions with the local municipality and M inistry of Culture. Several data
collectionchallengesmustbe overcome inorderto successfully apply the results of such an analysis.
These challengesare beyond the scope of thisproject.Forexample,itwas notpossible to conducta

thorough soil samplestudy or slope stability assessmentwithin time, financial, orresource constraints.

Oneof the limitationsof thisstudy also includes the accessibility and use of remote sensing data. Usable
image are difficultto obtain,inpartdue to the severity of the terrain along with the variability of the
weather/cloud cover.As GonzalesIncanotes, long-term monitoring of the key watershedsisnecessary
to obtain sufficient data foranalysis (2009). Currently, there is a shortage of reliable, long-term data
regarding the history of sedimenterosion and resulting events. Furthermore,applicationof GIS, whether
inmodelingecosystem servicesorassessing landslidevulnerability,willnecessarily entaileffortsto
communicate findingsand suggested plansof action to the non-expertcommunity,particularly with
respectto the prevention of hazardswhere loss of life and property isimminent. Thisisan identified
area of growth and of concernand within the scope of thisproject. The results of this study will be
compiled, translated and presented ina public forum tothe people of Aguas Calientesas wellas to the

M inistry of Culture in Cuzco and in Machu Picchu.

In future applications of the modeland the data derived from the interviews, | intend to adapt the model
to include debris flow modeling thatwould include ratherthan exclude the role the riversplayin

providing pathways. In addition, am in discussionsnow to bring this methodology to bearin other
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locationssuch as Cusco.

Nottobeoverlookedistheabilityof thisnovel methodto providea voicetoapeople who otherwise do
nothavean outletormeansto participate in creating sustainable managementplans.Itismyhope the
results of my analysiscan be used to enhance dialogue and the developmentof sustainable growth

managementand hazardsmanagementplans/
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APPENDIX A

Schedule for identifying participants.
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APPENDIX B
Interview guestions.

1D ~ | Question# - Description -
11 How long have you lived in Machu Picchu?
212 Has the town changed during that time?
3 2b Where?
43 Are there any problems if the town continues to grow?
5 3b Types of problems?
64 Who provides money/resources for the town when new construction or repairs are needed?
75 Who decides where it is safe to build?
86 What can you tell me about any rules that determine where and how to build new buildings?
97 What are landslides?
10 7b What are rockfalls?
11 7¢ Are there any differences between the two?
128 What are floods?
13 8b What are huaycos?
14 8c Are there any differences between the two?
15 8d Do they begin in the same place?
169 Is there a difference between a huayco and a landslide?
17 10 What can you tell me about the natural disasters that have ocurred here?
18 11 Has your house or business received damage?
19 12 Tell me about the landslide or huayco that has caused the most destruction or damage?
20 13 Which of the three rivers can cause the most destruction?
21 14 What can you tell me about who is responsible to repair the damage?
22 15 Are there sufficient resources, supplies, equipment to respond to these natural disasters?
23 16 In 2006, a group of scientists were here. They installed a monitoring system that will alarm if the Aguas Calientes River is too high. Do you remember this?
24 16b In their paper, they said they gave a presentation to the people of Aguas Calientes? Do you remember this opportunity?
25 16¢ Did you attend?
Llﬁd What did you learn?
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APPENDIX C
Answer Lookup Table

! yes yes
2 no no
3 DNA does not apply
4 NA no answer given
5 0-6mo between 0 and 6 months
6 6-12mo between 6 and 12 months
7 1-5yrs between 1 and 5 years
8 5-10yrs between 5 and 10 years
9 10-15yrs between 10 and 15 years
10 15-20yrs between 15 and 20 years
11| >20yrs more than 20 years
12 >30yrs more than 30 years
13| >40yrs more than 40 years
14 =50yrs more than 50 years
15 env affects environment or the natural world
16/ availmat affects or limits materials or resources
17 incconstr increased construction; expansion ocurred in all areas of town or city; more buildings; more floors
18| incrock increases in rockfalls
19| incslide increases in number of landslides
20 nochange no change in situation experienced or expected
21 futprob will lead to problems in future
22 reggov regional government
23 locgov local government or municipality
24 ind individual residents
25 bank banks
26 centgov central, national government
27 nogov do not receive government support
28 incrpop increase in population, number of residents
29 incrtour increase in number of tourists
30 growlim growth is limited by natural world
31 INC national institute of culture cusco
32 civdef civil defense
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34 other2

35 other3

36 other4

37 others

38 poorconst buildings with poor construction

39 exrules laws governing height of building exist, no more than 4-5 floors

40 norules no rules governing construction

41 ppldec people make decision about where to build

42 insrules insufficient or not many rules or regulations exist

43 suffrules sufficient rules exist

44 rulesneedrev rules need revision

45 insuffsupp there are insufficient supplies to respond to hazard events

46 educneed education is needed to aid in responding to hazard events

47 highdanger described as presenting the highest danger

48 natoccur hazard events are a naturally ocurring part of life in the region

49 suffemerplan  sufficient emergency planning exists

50 dangerinc danger and hazard events are increasing in frequency

51 relrain described as relationship with or result of rainfall/precipitation; no mention of detachment of land
52 detnr described as detachment of land/seil/sediment or surface - no relationship to rainfall
53 detr described as detachment of land/seil/sediment or surface - result of rainfall

54 relriver described as flowing down river, requiring river for transportation of material and large quantities of water
55 origin described as originating within or immediately surrounding town/city

56 origout described as originating outside town/city at higher elevations

57 consland described as movement of land including soil, trees, rocks

58 consrock described as movement of rock only

59 conswater described as movement of water only

60 affurb described as affecing urban area

61 highwater described as water overflowing banks, collects on streets/abave channel, higher than normal
62 consdebr described as movement of water, land, rocks, trees

63 relexist described as having relationship

64 detrock described as detachment of rock - relationship to erosion such as from water or rainfall
65 disgen general mention of ocurrences of hazard events, much danger, frequent

66 disspec described a/multiple specific hazard events

67 disecon described economic impact of hazard events

68 dislife described impact of hazard events to loss of human life

69 disprop described impact of hazard events to loss of property

70 dis2010 described hazard event in february 2010

71 dis2004 described hazard event in 2004

72 otherl described hazard event 2007

73 other2

74 other3

75 other4

76 other5

77 AgCa Aguas Calientes River

78 Alem Alcamayu River

79 Urub Urubamba/Vilcanota River

80 allriv all three rivers, cannot separate impact, all connected

81 Agal Aguas Calientes and Alcamayu rivers

82 AgUr Aguas Calientes and Urubamba rivers

83 Alur Alcamayu and Urubamba rivers
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APPENDIX D
IRB Statementto participants

INFORMED CONSENT FORM

University of Denver M aster's Research Project
Title of Research Project: Assessment of Perceptions of Landslides (in Aguas Calientes, Peru)

You are invited to participate in a research project that is analyzing the perceptions of the threatand impact of
landslides in Aguas Calientes, Peru. Thissurvey (consent, study, etc.) was approved by the University of Denver's
Institutional Review Board forthe Protection of Human Subjects in Research on ___
Participation in this survey should take about 20 minutes of your time. Participants will be asked 5-10 questions
about their know ledge of the history of the development of the town of Aguas Calientes and understanding about
how landslides affectthe region and the impact of possible future landslides. Participants will also be asked to
identify and rank areas of concern on a map of the town and the surrounding region.

Your responses will be anonymous. That means thatno one willbe able to connect your identity with the
information you give. Participation in this projectis strictly voluntary. The risks associated with this project are
minimal. If however, you experience discomfort you may discontinue the survey atany time. We respect your right
to choose nottoanswer any questions that may make you feel uncom fortable. Refusal to participate or withdraw al
from participation will involve no penalty or loss of benefits to which you are otherwise entitled.

[fyou have any concerns or complaints about how you were treated during the interview, please contact Paul O Ik,
Chair, Institutional Review Board for the Protection of Human Subjects, at 303-871-4531, or email du-irb@ du.edu,
orcall Office of Research and Sponsored Programs at 303-871-4050 or write to either at the University of Denver,
O ffice of Research and Sponsored Programs, 2199 S. University Blvd., Denver, CO 80208-4820. Sample:
http://www.du.eduforsp/forms.htm |

Signature of Principal Researcher:

(AliciaF. Green, M .A., Graduate Student, University of Denver, alicia.green@ du.edu)
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"Selby (1982) defines debris flows as “slurries of viscous soil and boulders which can move at high velocities over rough
surfaces. The primary conditions contributing to suitable conditions for a debris flows include: availability of water from
intense rainfall, deposits of unconsolidated soil such as alluvium, a mechanism formixing soil and water (landslide), a
channel for the debris flow to follow, deposits of transported weathered or shattered bedrock, unstable slopes that be
experiencing undercutting by a stream channel”. These debris flows may originate as landslides that develop into debris
flowsnear the base of a slope (Selby 1982; Varnes 1958).

"And as: “the group of processes whereby debris or rock material is loosened or dissolved and removed from any part of the
earth’s surface.,” Itisa function of erosivity and erodibility, factors that must be taken into account when evaluating the
weighting of variables in a landslide model. Soil characteristics, rainfall amounts and durations, and presence, extent and type
of vegetation all play a role in increasing or decreasing the erodibility and erosivity. (Thomas & Goudie 2000).

"Erodibility in thisuse of the word is defined as the vulnerability of the soil to erosion (Thomas & Goudie 2000).
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