Andean Hydrology

Editors

Diego A. Rivera, Alex Godoy-Faundez and
Mario Lillo-Saavedra

@ CRC Press
Taylor&FrancisGroup —

A SCIENCE PUBLISHERS BOOK




ANDEAN HYDROLOGY



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

ANDEAN HYDROLOGY

Editors
Diego A. Rivera

Laboratory of Comparative Policy
in Water Resources Management
Departamento de Recursos Hidricos
Facultad de Ingenieria Agricola
Universidad de Concepcion
Vicente Méndez, Chillan
Chile

Alex Godoy-Faundez

Centro de Investigacion en Sustentabilidad
y Gestion Estratégica de Recursos
Facultad de Ingenieria
Universidad del Desarrollo
Santiago, Chile

Mario Lillo-Saavedra

Departamento de Recursos Hidricos
Facultad de Ingenieria Agricola
Universidad de Concepcion
Vicente Méndez, Chillan
Chile

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

A SCIENCE PUBLISHERS BOOK




Cover illustrations reproduced by kind courtesy of Dr. Mario Lillo-Saavedra (one of the editors of
the book)

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL. 33487-2742

© 2018 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed on acid-free paper
Version Date: 20171211

International Standard Book Number-13: 978-1-4987-8840-3 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the
validity of all materials or the consequences of their use. The authors and publishers have attempted to trace the
copyright holders of all material reproduced in this publication and apologize to copyright holders if permission to
publish in this form has not been obtained. If any copyright material has not been acknowledged please write and let
us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted,
or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented, includ-
ing photocopying, microfilming, and recording, or in any information storage or retrieval system, without written
permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com
(http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers,
MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety
of users. For organizations that have been granted a photocopy license by the CCC, a separate system of payment
has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com


www.copyright.com
http://www.copyright.com/
http://www.taylorandfrancis.com
http://www.crcpress.com

Preface

No other mountain range offers such a diversity of landscapes as the
Andes. Stretching for over 4,300 miles, the Andes dissect the South
American continent, resulting in a wide variety of climates and ecosystems.
However, the Andes are not only important because of the diverse habitats
that coexist from north to south at different altitude levels, microclimates
and ecological conditions, but also as home to millions of people who
share water resources that are crucial to sustainable development.

Water availability in the Andes is mainly driven by spatiotemporal
patterns in precipitation. Over the past twenty years, droughts have
dramatically increased in number and intensity in many regions, leading
to water scarcity situations. Furthermore, floods have also been more
severe due to prolonged or intense precipitation. In fact, intense rainfall
events—those where a near-record amount of rain falls in just a few hours
or days—have become more frequent. As climate continues to change, there
is a serious concern for the impact that this will certainly have on the water
resources in the Andes, and the implications of this for people, ecosystems
and economic activities.

Climate change also affects the hydrological behavior of the river
basins in the Andes. Water systems and water resources use generally
involve distribution mechanisms that can be based on the open market,
direct allocation, prioritization, or other methods. Due to their diverse
ecosystems, climates and geomorphological characteristics, the Andean
hydrology is extremely complex. This results in difficulties in water
management, particularly due to certain socio-environmental issues, such
as water scarcity, water contamination and mismanagement of water basins.
Therefore, understanding the relationships within hydrological systems
and society is crucial to allow the development of adaptations strategies.

This book aims to deepen our understanding of the connections between
water resources in the Andes, and social, economic and environmental
issues. Based on scientific research and policy assessment, recommendations
for decision-making are provided. Challenges regarding a fast increase
of water demand are also discussed using a multidisciplinary approach,
focusing on the water cycle and water-energy-food nexus.
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Water is considered as a basic human right, but the rapid economic and
demographic growth rates in South America are putting strong pressure
on water demand in the Andes. In this regard, the way in which actors
compete for the access and use of water is still an object of study. Industrial
activities within a basin convert water resources into products and services
represented by GDDP, effectively putting a price on water availability and
increasing competition.

The authors of the chapters of this book describe how researchers can
help local and regional stakeholders with data collection, processing, storage
and dissemination of water resources information; highlight the importance
of the collaboration between the scientific community and policy makers;
and suggest strategies and measures to make collaboration more effective
and sustainable.

Water demand can be understood as how water resources connect
society with the natural system. This is the so-called socio-environmental
link, in which socio-hydrology and water resources combine to act as sources
of extraction and receptors of pollution.

The relationship between the mining industry and local communities in
Chile, Peru and Colombia is also analyzed, including both legal and regulatory
framework. In terms of conflict resolutions between stakeholders, it is essential
to understand socio-demographic characteristics. In fact, there are several
indigenous peoples in the Andean Region whose traditions and belief systems
often mean that they regard ancestral lands and the natural resources they
contain with deep respect. However, as this view is not shared by many of the
others actors involved, solutions need to be developed in order to allow for
social development and economic growth in harmony with local hydrology:.

Models such as soil, water and assessment tools (SWAT) have been
successfully used for the analysis of watersheds to develop payments for
ecosystem services, estimate economic values and generate simulation
scenarios for improved management. Nevertheless, unless research centers,
NGOs and local governments work together, water resource conflicts will
continue, affecting economic activities and communities.

Finally, approaches and methodologies used to generate data for
hydrological monitoring and analysis in the Andean regions are also
described.

We would like to thank authors for their contributions to better
understand how the Andes sustain our life. Also, we would like to thank the
Water Resources Research Center for Agriculture and Mining (CONICYT/
FONDAP-15130015) and FONDECYT Regular 1160656 for their support. We
are also very grateful to Professor Roto Quezada for his continuous support.

September 2017 Diego A. Rivera
Alex Godoy-Faundez
Mario Lillo-Saavedra
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CHAPTER 1

Competing Uses and Access to
Hydrological Resources in Upstream
Peasant Communities of the Canete

River Watershed, Pera

Maria Claudia Tristdn Febres,* Genowefa Blundo-Canto,’
Gisella S. Cruz-Garcia,* Marcela Quintero? and
Piedad Pareja Cabrejos®

“Water is simultaneously a source of conflict and collaboration, of oppression
and productive potential.”

(Boelens, 2008b)

Introduction

Globally, the pressure on natural resources is increasing, particularly on
water. The United Nations’ Sustainable Development Goal 6 focuses on
ensuring access to water and sanitation for all. Although water is vital for the
survival of all living beings, the control and management of water resources
entails power relations, conflicts and negotiations between stakeholders

! International Center for Tropical Agriculture (CIAT), Av. La Molina 1895, La Molina, Apartado
1558, Lima 12, Peru.
Email: g.blundo@cgiar.org

2 International Center for Tropical Agriculture (CIAT), Km 17, Recta Cali-Palmira, Valle del
Cauca, Colombia.
Emuails: g.s.cruz@cgiar.org; m.quintero@cgiar.org

* University of Hohenheim /International Center for Tropical Agriculture (CIAT),
Schwerzstrasse 1A, 70599, Stuttgart, Germany.
Email: PiedadA_ParejaCabrejos@uni-hohenheim.de

* Corresponding author: mctristan@pucp.pe
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across different scales. Water is a natural, social and cultural resource as
it meets multiple needs and embodies multiple meanings (Budds, 2010).
Therefore the variety of water needs or uses can be translated into rights
through the establishment of access and property rights to hydrological
resources. While rights can be formal or informal, the shared recognition
among users of the resource provides them with legitimacy.

Today, natural environments undergo major changes and transformation
processes which result in environmental and social pressures on ecosystem
services. Lack of property rights or effective national laws and international
treaties can contribute to the depletion of common-pool resources. The
absence of rules to limit access and define rights can favor de facto free
riding by actors who are not concerned with negative externalities caused
by their depletion (Ostrom et al., 1999). For instance, unregulated access and
subsidies have led to over-exploitation of two-thirds of global fish stocks and
have damaged coastal ecosystems (Sukhdev, 2009). The interdependence
between social and environmental dimensions is undeniable (Millennium
Ecosystem Assessment, 2003; Barrett et al., 2011; Raworth, 2012).

As per needs, practices and demands for water for stakeholders
change, the rules of use and access also change. This results in the creation
of a landscape of competing or superimposed claims to natural resources,
particularly in relation to water. Within such a landscape, the stance of
different players diverges strongly (International Water Management
Institute, 2007). Such divergences should be solved through negotiation
and understanding of the issues faced by different stakeholders and of the
potential and opportunities for change (Giller et al., 2008).

This chapter seeks to explore the hydro-social territory (Damonte
Valencia, 2015; Boelens et al., 2016) of the upper basin of the Cafete River
in Peru, by documenting competing uses and access to water resources in
eight peasant communities.! In order to better understand the hydro-social
territory and its associated conflicts and opportunities, we must answer
the following research questions: (1) what are the kind of water resources
and what are they used for? (2) who is involved and promotes these uses?
(3) what are the current conflicts related to the access and use of water
resources? and (4) what are the demands of the different stakeholders? The
analysis focuses on the social implications of this competitive hydro-social
territory given the presence of both collective and private uses. Power
relationships and competing uses and access translate into a number of
micro-level conflicts, latent or explicit, between various stakeholders.

The chapter gives a theoretical overview of competing uses and access
to water resources, followed by a contextualization of the case study.

! The term ‘peasant’ is used to define rural communities such as those from Mesoamerica
and the Andes that have well defined corporate and collective structures, with hereditary
membership and recognized territorial rights. For further information, see Edelmen (2013).
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Subsequently, it presents the results of the analysis that answers our research
questions. Finally, it presents a general discussion and conclusion on the
research and development implications of the study.

An Overview of the Competing Uses and Access to Water

Water has historically been a resource in dispute. Today, there is a global
water crisis and we need to develop policies for water security (Bigas, 2012).
The reasons for conflict are diverse: from local conflicts over inequality in
access to water and demands of good quality water supply, to water scarcity
as a source of armed conflict (Gleick, 1993; Hendrix and Glaser, 2007). While
water is seldom the single or major cause of conflict, it can exacerbate
existing tensions (Wolf et al., 2005). Conflicts are expected to increase with
population growth and increased pressure on natural resources, especially in
the context of climate change. For instance, increasing global temperatures
appear to be altering global hydrological patterns by changing seasonal
trends (Bigas, 2012). Wolf et al. (2005) identified three key elements that can
be used in any dispute over water: quantity, quality and timing. Quantity
refers to claims over water as a scarce resource, when divergent uses by
different stakeholders come into dispute. Quality issues can result in conflict
when the resource is polluted and does not satisfy human and ecosystem
needs. The timing dimension refers to the synchronization between
water uses and the natural water flow. Changes in water flows affect
socioeconomic activities that depend on water. When the flow or the timing
of use is modified, it can be a source of conflict. Additionally, the needs and
demands for water are seldom free from political meaning. Globally, this
translates into treaties and agreements. At the international level, they aim to
solve transnational conflicts through negotiation and cooperation between
states. At the local and regional level, politics permeate negotiations and
dialogue between various stakeholders that seek to position their demands.
Water availability, water demand, institutional frameworks and the social
dimension reconfigure conflicts over water (Rivera et al., 2016).

In the case study presented, the precautionary principle has led
international agencies and the Peruvian government to create a Reward
Mechanism for Hydrological Ecosystem Services (RMHES). The
precautionary principle means that the RMHES rewards the maintenance
of the quantity and quality of an available hydrological service. This implies
that the main objective is to conserve the provision of hydrological services
in order to avoid deterioration in these services, especially when the exact
quantification of their benefits, and how their provision is affected by human
activity, is uncertain.

The RMHES is a type of Payment for Environmental Services
(PES), an incentive mechanism where ecosystem service providers are
compensated by the users of those services, conditional on the maintenance
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or improvement of this provision (Rodriguez de Francisco and Budds,
2015; Wunder, 2015). In a watershed, providers are located in the upper
basin, where the hydrological service is sourced, while users (who are
the rewarders) are located in the lower basin, where they make use of the
hydrological service.

Commonly, PES mechanisms focus on the interaction between
downstream and upstream stakeholders, but socio-political conditions,
contexts and conflicts can also exist within upstream communities that are
providing the service. Overlooking the socio-political complexities within
upper catchments might lead to neglect of social equity issues. Among the
risks of not taking into account such issues in the implementation of PES
lies a potential marginalization of vulnerable groups, capturing of benefits
by elites, increased economic inequality, reduced resource access, and
increased tenure insecurity (Pascual et al., 2014).

The social dimension, including social organization and collective
action, is therefore an essential and constitutive part of an hydro-social
territory (Boelens, 2008b). According to Damonte Valencia (2015) and
Boelens et al. (2016) an hydro-social territory: (1) integrates both physical
and social spaces of a watershed; (2) is defined by the use of water and its
social implications; (3) is built upon hydro-social cycles; and (4) includes
political and administrative spaces. These territories are different from
landscapes as physical borders are defined in the context of power struggles
over water.

The analysis presented highlights the implications of competing uses
and access to water, acknowledging that, while different stakeholders are
defined in relation to their use of hydrological resources, latent and explicit
disputes around these uses within and between communities should be
examined and understood. Understanding the problems related to water
resources within the upper basin of a key watershed in Peru allows us to
understand the complexity of a heterogeneous space, where claims on
water resources are not only vertical (i.e., upstream-downstream) but also
horizontal (i.e., upstream-upstream).

To date, few studies in the Andean region have focused on the political
and social aspects of competing uses and access to water within a horizontal
dimension. Research on social and economic issues related to water services
and their conflicts in the Andes often focus on confrontation and dispute
between peasant communities” and mining companies (Burneo de la Rocha
and Chaparro Ortiz de Zevallos, 2010; Alvarado Merino, 2011; Sosa and
Zwarteveen, 2012; Vela-Almeida et al., 2016); land and water appropriation

2 In Peru, peasant communities represent forms of collective organization in the Andes, which
are also characterized by their identification within a territory. Peasant families own the
local resources. Peasant communities function as a social regulatory body for disputes and
internal conflicts, and also defend the territory against external hazards (Diez, 2006).



Competing Uses and Access to water in Cariete watershed 5

by agricultural export companies and the implications of water transfer from
the Andes to the coast (Oré, 2011; Damonte Valencia, 2015; Vera Delgado,
2015); and peasant communities who claim their control of water resources,
especially for irrigation (Boelens, 2008a; Hoogesteger, 2012).

In Peru, there are no clear data on the annual number of conflicts
related to water resources. The closest data are the monthly log of the
Ombudsman (Defensor del Pueblo) on socio-environmental conflicts.
Panfichi and Coronel (2011) conducted a review of these records between
2006 and 2010, identifying 115 conflicts over water resources. They indicate
that water conflicts were grouped under the socio-environmental conflict
section, therefore detailed statistics on conflicts specifically related to water
were unavailable. However, the following trends emerged from the 115
conflicts that were analyzed:

e the main cause of conflict was water pollution, which was already
happening or was feared to increase;

e they involved more than one claimant, where several stakeholders
claimed irregularities or opposition in relation to the use of water
resources;

e the defendant was usually an extractive or energy producing company;

¢ the conflicts tended to change and take other forms, rather than be
solved.

The Ombudsman (Defensoria del Pueblo, 2015) identified 539 social
conflicts between 2011 and 2014, of which 153 (28.36%) were linked to
water resources. In 70% of cases, the water resource was the central issue in
demand; while in the remaining 30%, it was only part of a set of demands
of social groups (Defensoria del Pueblo, 2015). Based on this information,
the Ombudsman identified three types of stakeholders involved in social
conflict: social groups, private companies and the State. The peasant
communities are the main social group that demands water rights (i.e., 24%
of reported cases). The main demands are the protection of water resources,
the remediation of water resources and proper water management for
economic activities, among others.

The hydro-social territory of the Canete River watershed

The basin is in the department of Lima, extending to the provinces of Cafiete
(lower catchment), Huarochiri (medium catchment) and Yauyos (upper
catchment). The source of the Cafiete River is the Ticllacocha Lagoon, which
is at an altitude of 4429 m.a.s.l., and it flows 235.67 km before it reaches the
Pacific Ocean. There are two seasons, dry (from April to November) and
rainy (from December to March). Access to the area is limited by difficult
road conditions, especially during the rainy season.
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According to Quintero et al. (2013) there is an inverse relationship
between population density and water precipitation or supply. The coastal
area, in the lower part of the basin, is inhabited by 85.6% of the population
of the watershed, but receives less than 20 mm of the annual rainfall. The
upper area is inhabited by only 4.6% of the total basin population and has
an annual rainfall of between 736 and 1169 mm. Water yield is therefore
higher in the upper basin as shown in Fig. 1.1. In addition, permanent
surface water sources such as glaciers, lakes, springs, secondary rivers and
streams, are located in the upper part of the basin. According to the last
census carried out by the National Institute of Statistics and Informatics
in 2007, the upstream province of Yauyos is one of the poorest of the Lima
Department with 61.9% of its population classified as poor.

Natural resource uses in the watershed are multi-purpose and multi-
scale. The hydro-social territory of the watershed is therefore complex. The
lower part of the basin has the largest demand for water for multiple uses,
such as: agriculture (the main water user), domestic use, mining, energy,
fisheries, tourism and recreation (Quintero et al., 2013).

The physical space covers the river and its tributaries, lakes and springs,
in addition to existent water infrastructure (such as hydroelectric plants,

ANNUAL WATER YIELD IN THE CANETE RIVER WATERSHED
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Fig. 1.1 Annual water yield in the Canete River watershed.
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dams and reservoirs). The social space includes: management and access
to water by different stakeholders (e.g., crop, livestock and fish farmers,
mining companies, hydroelectric companies and the tourism industry).
Finally, the political and administrative space is defined by the rules and
regulations that govern natural resource use in the territory, the presence of
a protected area in the upper part of the watershed, and the establishment
of a Reward Mechanisms for Hydrological Ecosystem Services (RMHES).

The eight peasant communities analyzed in this study are located in
the upper part of the watershed, between 3,100 and 4,300 m.a.s.1. and their
history goes back to pre-Hispanic times. Today, after several transformation
processes, the physical territory of these peasant communities is defined
by the political limits of eight districts: Alis, Carania, Huancaya, Laraos,
Miraflores, Tanta, Tomas and Vitis. These communities mainly practice
subsistence agriculture and extensive livestock farming in natural pastures.
Agriculture is mostly rain-fed and major crops include maize, Andean roots
and tubers and grains. Natural pastures are also rain-fed, while cultivated
pastures are irrigated. Two systems of land tenure coexist: communal
lands, which can be under collective or family use, where decisions over
the whole area are collective but each family takes the decision over their
assigned plots and private lands, which are fully under the control of the
family who owns them.

These peasant communities share their territory with formal and
informal mining companies and a hydroelectric company (CELEPSA),
whose main seasonal reservoir is located in Paucarcocha, a lagoon located in
the community of Tanta, close to the Cafiete River source. Uses, agreements
and disputes involving these external agents who use hydrological resources
have affected the landscape and rules that traditionally regulated the area.

In addition, since 2001, these eight communities are part of the Reserva
Paisajistica Nor Yauyos Cochas (North Yauyos Cochas Landscape Reserve—
RPNYC). The creation of the RPNYC changed the legal and administrative
status of the territory, which is currently under the management of the
National Service of Natural Protected Areas by the State (SERNANP).
This change introduced restrictions on the use of natural resources, and
helped to promote tourism development in the area. A landscape reserve
is in fact a conservation figure that allows the direct but regulated use of
natural resources within a protected territory, under the guidelines of a
master plan prepared by the local SERNANP division. The current master
plan was developed in line with the medium-term development vision
of peasant communities in the reserve, whose interests were represented
by local authorities, and includes the vision of other stakeholders in the
territory (SERNANP, 2016a). The obligation to protect natural resources,
particularly wildlife, is restrictive for some stakeholders, such as livestock
herders, and the SERNANP creates discussion spaces to resolve any disputes
that may arise.
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Within this socio-political and economic context, the Ministry of
Environment of Peru (MINAM), and various international organizations,
such as the World Wide Fund for Nature (WWF), CARE-Peru, the Peruvian
Society of Environmental Law (SPDA), Conservation International and the
International Fund for Agriculture Development (FIDA), have been leading
the design of a RMHES for the Cafiete River Basin since 2010. The objective is
to reward upstream peasant communities for the provision of a hydrological
service. The mechanism is a reward for those already providing a valued
service. Additionally, it aims to help ensure the sustained implementation
of adequate grazing practices and conservation of peat bogs, relic forests
and natural pastures, to improve ecosystem services delivery in the area.
The International Center for Tropical Agriculture (CIAT) carried out a
hydrological study to prioritize specific areas in the upper watershed that
needed to be targeted to ensure ecosystem service provision (Quintero et
al., 2013). CIAT researchers also studied conservation and development
priorities of the eight peasant communities upstream to inform about the
implementation of the mechanism (Blundo Canto et al., 2016). Currently, the
RMHES has reached its inception phase and activities to be implemented
are being prioritized by MINAM with the different stakeholders that are
affected by the reward mechanism.

The study of competing uses and access to water resources in
North Yauyos

The study presented in this chapter is part of a larger research project on
conservation and development priorities of peasant communities in North
Yauyos (Blundo Canto et al., 2016). This research is based on qualitative and
participatory data. The focus is on the socioeconomic reality of upstream
communities based on the views and perceptions of peasant families who
participated in the research project.

The data were collected through workshops, one per community, in
eight communities located in the North Yauyos province in the RPNYC.
Each workshop comprised four focus group discussions on different
issues; each focus group discussion lasted 1.5-2 hours. Focus groups are
particularly useful for exploring the degree of consensus on a given topic
(Morgan and Kreuger, 1993). About 10 to 16 people participated in each
focus group, with a total of 102 participants, of which 48% were women.
Participants were selected to represent the different stakeholders present in
the communities, who engaged in different activities, including agriculture
and livestock farming, crafting, tourism, health service provision and
community administration. A heterogeneous group of participants was
chosen in order to represent different views; this approach was ethically
appropriate as the communities were accustomed to coming together as
a group for public discussion. Each focus group lasted 3 to 4 hours and
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was audio tape-recorded. The data were complemented with data from
semi-structured interviews with local authorities in order to understand
the institutional arrangements in each community, the dynamics of land
tenure and the main events in the recent history of the communities. All
who participated in the study did so freely with prior informed consent.
Table 1.1 shows the different types of uses that define social spaces in the
upper part of the Cafiete River watershed, the stakeholders, issues and
demands involved.

Water resources, their uses and struggles among peasant
communities

Peasant communities of the upper Cafete River watershed are managed
through a political structure based on three institutions: the communal
board, the assembly and specialized committees. According to the
General Law of Peasant Communities (Law No. 24656) the board governs
and administrates the peasant community. It is elected every 2 years by
individuals registered in the community registry. The president runs the
board and orders the assembly to take governance decisions. The specialized
committees complement the functions of the board on specific issues, such
as livestock farming, tourism, irrigation, and so on.

All communities, except Tanta, which is over 4,000 m.a.s.l., own
farming land, which is mainly used for subsistence agriculture and
pasture cultivation. Farmers grow maize and Andean grains such as
quinua (Chenopodium quinoa) or tarwi (lupine Lupinus mutabilis), Andean
roots and tubers, such as potato (Solanum tuberosumy), oca (Oxalis tuberosa),
olluco (Ullucus tuberosus) and mashua (Tropaeolum tuberosum) and other
crops including peas (Pisum sativum), beans (Phaseolus vulgaris) and barley
(Hordeum vulgare). Farmed fields are either rain-fed or irrigated. Every
community has irrigated areas, and water distribution is managed by a
community organization. All irrigation farmers are part of the so-called
irrigation committee, which is managed by a board elected by the farmers.
They have three main functions: to manage water for irrigation, to resolve
conflicts and to plan collective work activities for maintaining irrigation
systems. Not all individuals have access to irrigated land; while rain-fed
plots are owned by the community and assigned to the peasant families
for their use, irrigated plots are usually privately owned. Management
decisions over communal land are discussed in the assembly, or in the ayllu,?
while private plots are under the sole jurisdiction of the owner.

* The ayllu is an ancestral form of social organization, constituted by a group of families.
It has rights and duties over productive activities and rituals. The communities of Vitis
and Huancaya have farming and livestock ayl/lus who possess and rule on part of the land
dedicated to these activities.
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In the communities, agricultural issues and conflicts are mostly related
to water availability and access. Rain-fed plots are affected by inter-annual
variability in the duration and timing of the rainy season, which, according
to perceptions of people participating in the study, was more predictable in
the past. They perceive that in recent years, the rainy season tends to start
later and to be shorter in duration.

However, lower crop production was not only related to water
availability, but also to lack of labor due to out-migration and extreme
climatic events such as droughts and frost. Participants in the focus groups
stated that these events have grown longer and more intense, while glaciers
appear to have reduced in size. Moreover, the poor state of irrigation
infrastructure has reduced the availability of and access to water for irrigated
plots, especially in Alis, Huancaya, Vitis and Carania.

Livestock farming occupies another social space in the hydro-social
territory of the upper watershed. Cattle, sheep, and Andean camelids graze
in the natural pastures of the reserve, and their feed is complemented with
cultivated pastures in irrigated plots in the communities. Selling livestock
is often the main income source for families, who sell live animals and
their by-products such as suede, wool, and dairy products. The number
of animals a family owns depends on their economic resources and labor
availability, and on communal rules about the maximum number of cattle,
sheep and camelids allowed, which differs by community. Natural pastures
are communal lands assigned to local residents by the local administration.
Families pay for the right to use them and the payment varies in duration
and amount, depending on the community. In Laraos, Tanta, Tomas and
Carania, specific sectors of natural pastures are reserved for the exclusive use
of communally owned livestock. Privately owned animals are not permitted
to graze in these areas; they usually graze in the remaining sectors.

Livestock farming in the communities was extensive and was mostly
unmanaged; only a few communities practised rotational grazing, which
was partly a result of recent ecosystem-based adaptation interventions
by development agencies (Miraflores, Vitis, Huancaya). Focus group
participants identified overgrazing as a main problem for natural pastures.
According to SERNANP, livestock pressure on natural pastures particularly
affects peat bogs, which are important for underground water recharge.
Unmanaged grazing in these areas is depleting the condition of pastures
and reducing their regrowth capacity. Moreover, local inhabitants noticed
an increase in the population of invasive plants that were causing livestock
diseases. Finally, unpredictable weather patterns were seen to affect water
availability in natural pastures.

Fish farming and river fishing were carried out in lagoons of Carania,
Huancaya, Laraos, Tomas and Tanta; and in the rivers of Alis, Carania,
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Huancaya, Laraos, Miraflores y Tanta. Some communities established
fish farms close to their villages, taking advantage of nearby streams and
springs. Fish farming in lagoons was carried out using floating cages. All
fish production in the area was for local consumption or for supply to
local restaurants. A few individuals (males only) worked on fish farms,
which provided them with a good income source. People carried out
occasional fishing to complement their household consumption. Focus
group participants identified a reduction in the number of trout as an issue.
In Carania, participants connected this to reduced water availability, while
in other communities such as Alis and Tomas they stated that this might
be a result of water pollution by mining activities.

In terms of tourism, the creation of the RPNYC has positioned the
area as an emerging tourism site for its undeniable landscape beauty.
Access constraints affect this activity, which has been nonetheless growing
quickly in the past 10 years. SERNANP and communities such as Huancaya
and Laraos are investing in this activity through the creation of tourism
committees and associations. While tourism does not represent the main
activity in any of the communities, it is an important income source.

Finally, private enterprises are important stakeholders in the hydro-
social territory in the upper watershed. Their relationship with the local
population is characterized by latent tensions. The main mining companies
in the area are the Chumpe processing hub, which has been in operation
since 1996 in Alis, the San Valentin mine in Laraos, and the Yauricocha mine
in Tomas. The latter was founded in 1920 as a public mining enterprise,
which contributed to local economic growth until its privatization, when
the interaction between the company and the communities was reduced.
Other small mining activities are present in the territory, contributing
considerable pressure to hydrological resources.

Finally, the generation of hydroelectric power represents an important
water use in the upper Cafete River watershed. In 2006, the El Platanal
(Celepsa) hydroelectric plant began operating with the construction of
a dam in the Paucarcocha Lagoon in Tanta, close to the Cafete River.
The infrastructure was built despite tensions with the local population.
Additionally, it has generated latent conflicts with other communities of
the upper part of the watershed, which will be described later.

Current issues and demands related to the use of water

Each social space described earlier presents different issues and demands
in relation to hydrological resources. Diverse stakeholders have competing
needs, which creates tensions over the control of water.
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Issues related to agriculture are concerned with water scarcity or lack of
access. In terms of water scarcity, the changes perceived in weather patterns
particularly affect rain-fed plots, while extreme climatic events appear to
becoming more frequent. In Carania, farmers mentioned that even irrigated
areas were being abandoned due to water scarcity, given the poor state of
water infrastructure and the perceived reduction in the quantity of water
available from streams and springs.

Pasture regrowth capacity in natural pastures was also being affected
by water scarcity. Fewer natural water troughs, such as springs and water
streams in peat bogs, were available. Overgrazing exacerbated these
issues: SERNANP and the communities called for the creation of livestock
management plans that enforce sustainable grazing practices. However,
the dichotomy between communal lands, where rule enforcement is up
to the community board and assembly, and private pasture areas, where
individuals have complete control over how their resource is managed,
reduces the effectiveness of such plans. Wild animals such as pumas,
condors and foxes threaten livestock, but are protected by the SERNANP
as part of the conservation of natural resources of the reserve; this generates
disagreements between the population and SERNANP.

These issues affect the food security of peasant communities in North
Yauyos and have, among other causes, caused out-migration of the younger
population. This had led to abandonment of plots, which poses a threat to
the conservation of agricultural biodiversity and crop genetic resources.
Water scarcity also affects the development of crops important in local
diets. In such a context, the population is demanding the construction
and improvement of irrigation and water catchment infrastructure, and
irrigation systems to ensure water availability in their fields. They are
demanding an efficient use of water, especially during the dry season.

Issues related to the hydrological resource were different for fish
farmers and fishers. Inadequate fish farming practices affected the quality
of water where fish farms were installed, and SERNANDP aims to incentivize
sustainable fish farming in lakes and lagoons by revaluing fish diversity
instead of focusing on trout farming. People who carried out fishing
activities identified a reduction in the type and number of species and
stated that mining activities and the construction of a dam by Celepsa
were probably to blame. They demanded greater accountability for private
companies and some form of compensation for the livelihood losses they
had incurred.

Hydrological and other natural resources in the landscape are attracting
tourists and their numbers are growing exponentially every year (SERNANP,
2016a), which poses some concerns for the long-term sustainability of this
activity in terms of solid waste and carrying capacity of selected routes.
However, tourism is still occasional and concentrated in peak periods, such
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as on national holidays. Local populations are demanding capacity building
to offer improved tourism services. SERNANP is focusing on developing
sustainable tourism plans that consider the conservation priorities of the
reserve.

In addition to inadequate water provision for agriculture and livestock
farming, participants stated that poor water quality was an issue in
some rivers, springs and lagoons due to pollution by mining companies.
Communities affected by mining activities, such as Alis and Tomas,
identified conflicts over their hydrological resources. In Alis, they stated
that the Silacocha Lagoon had been driven into its poor condition by the
processing activities of the Chumpe plant. The Alis and Tomas Rivers were
viewed as being polluted by mining activities in Yauricocha. Unlike other
uses, where local populations were directly impacting natural resources,
it is external stakeholders who are occupying communal territory and the
communities perceive that their actions are depleting the ecosystem services.
Although they give payments to local governments under current laws, this
retribution does not cover local demands for accountability and benefit-
sharing. Peasant families reported reduced water quality and quantity that
affected their livelihood, but they stated that they did not have the financial
means to make these private companies accountable. The communities
called for more accountability by mining companies and more rules for
responsible use of water resources and shared benefits.

Finally, the use of water to produce hydroelectric power has also
generated conflict. The construction of the dam in the Paucarcocha Lagoon in
Tanta provoked tensions within the community as the dam inundated areas
that had been used for livestock grazing. Celepsa, the private hydroelectric
company, acquired the fields surrounding the lagoon, which were owned by
the local population. In Tanta, pasture ownership is individual rather than
communal, and while some peasant families wanted to sell, a significant
group of families were opposed to this idea. After the construction of the
dam, the population perceived changes in the ecosystem, such as lower
overall temperature, a reduction in flora and fauna, apart from the reduction
in natural pasture area. Additionally, people from Huancaya reported that
trout size had decreased since the creation of the Celepsa dam in Tanta. They
stated that constant river flow all year round had affected the reproduction
and growth cycle of fish, affecting income generation and household
consumption. They also reported that flora and fauna had disappeared,
as previously the seasonal flow reduction used to favor their presence on
the now permanently inundated riverbanks. The affected communities
demanded not only accountability by the hydroelectric company, but also
improved communication and agreements with communities higher up in
the Canete River catchment.
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The importance of disentangling internal and external pressures
in the hydro-social territory

The analysis presented in this chapter is based on the conceptualization that
competing uses and access to the same hydrological resource can generate
competition, superimposition, and eventual alignment, between different
interests and use rights within a hydro-social territory (Boelens et al., 2016).
Focusing on the social implications of this competitive hydro-social territory,
where collective and private uses coexist, we show that this competition
is not only internal, but also significantly affected by the action of external
agents of change.

In the case of internal claims, it appears that differences in the rights of
use and access to some resources generate differences in material well-being
within the communities. Access to irrigated plots, the ability to work in fish
farming or owning a larger amount of livestock, which are activities that
put high pressure on hydrological resources, also imply greater economic
well-being. Therefore, stakeholder groups and social spaces within single
communities are not homogeneous. The complexity of the structure and
dynamics of the micro-politics that result from this heterogeneity require
special attention when studying competing uses and access to natural
resources. However, it is common for researchers and decision-makers to
consider communities as homogeneous communities in relatively close
and similar hydro-social territories (Rodriguez de Francisco et al., 2013).
Disentangling this heterogeneity within and between communities is
necessary to achieve social equity issues. The upper part of the Cafiete
River watershed is a clear example of this heterogeneity and of the different
demands that arise from it. Taking social equity into account would help to
avoid the marginalization of vulnerable groups or capturing of benefits by
elites when incentive mechanisms for the conservation of natural resources
are designed and implemented (Pascual et al., 2014).

The management of natural resources implies rules that regulate their
use, sanctions and decision-making structures (Ostrom, 1990). Collective
action (Meinzen-Dick and Di Gregorio, 2004) in the communities studied
takes form in the activity of community institutions. In the case of tensions
with external agents of change, forms of collective action come into play
in order to safeguard water resources affected by private companies’
operations. As Boelens (2008a) states, water is a source of conflict and
collaboration. In the upper Cafiete River watershed, conflicts related to
hydrological resources are commonly against private companies that use
water resources claimed by the local population. When these conflicts
against external agents of change arise, internal stakeholder differences
appear mitigated and the communities unite in claiming rights against an
external agent (such as a mining company or a hydroelectric power plant).
The disputes can also transcend the space of a single community and assume
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a timing dimension (Wolf et al., 2005). Such is the case of the hydroelectric
dam that modified not only the space of the communities where it was
built, but also affected communities further downstream through changes
in the natural river flow. Activities that had been traditionally carried out
were altered, such as the case of natural pastures that were inundated to
build the dam in Tanta, or the effects on fisher’s livelihoods in Huancaya.

Finally, the different stakeholders that use hydrological resources in
the upper Cafiete River watershed are concerned about the availability of
and access to sufficient and adequate water. In such a scenario, the most
immediate solution appears to be the construction of efficient irrigation
systems, and restoration of ancestral channels of irrigation and reservoirs
in order to improve water distribution from catchment to distribution to
the plots. As Bigas (2012) notes, one of the main causes of concern related
to water scarcity in the medium- and long-term is the perceived increasing
unpredictability of weather patterns. If water resources become more scarce,
this higher uncertainty could bring about new conflict scenarios (Wolf et
al., 2005; Salehyan, 2008; Scheffran et al., 2012). Additionally, future climate
change scenarios might accelerate the vulnerability of those spaces in the
hydro-social territory that depends exclusively on climatic conditions,
such as rain-fed plots and natural pastures. These spaces represent central
subsistence activities for peasant communities, and so increasing their
resilience and capacity to adapt to change is imperative.

In this panorama of competition and superimposition of different
claims, environmental and social change, dialogue and negotiation
spaces are needed. Taking into account the different needs and claims of
stakeholders within the communities, and the need to achieve concerted
decisions between multiple communities, is imperative for equitable and
sustainable development in the watershed.

Conclusions

This chapter disentangled the different uses, access, conflicts and demands
related to hydrological resources in an Andean watershed of strategic
economic importance. Diverging claims over the same water resources
compete or superimpose, and answer economic and environmental
transformations in the hydro-social territory. The study highlights the
importance of understanding the heterogeneity of stakeholders in the hydro-
social territory in order to achieve both efficiency and social equity when
designing and implementing conservation incentive mechanisms, with
special attention to the upper watershed. Peasant communities of the upper
Carete River watershed observe and perceive changes in the availability
of water, which they relate to access rights, weather unpredictability and
unsustainable uses, among others, by local communities and private
enterprises. These changes have resulted in different responses by the
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communities, including formal agreements, active and passive adaptation,
tensions, and especially for the younger generation, out-migration. The
concern for water availability for peasant communities is linked to internal
and external causes that affect productive activities, which appear to be
exacerbated by weather variability and climate change. By taking into
account the uses and demands of the stakeholders that affect the provision
of hydrological resources, the reward mechanism that will be implemented
in the watershed could contribute to the generation of alighment between
their needs, improving environmental efficiency and social equity.
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CHAPTER 2

Socio-environmental Issues Related to
Mineral Exploitation in the Andes

Douglas Aitken,** Alex Godoy-Faundez,' Oscar Jaime
Restrepo-Baena,” Diego Rivera® and Neil Mcintryre*

Introduction

The Andes mountain range is home to some of the world’s largest and
most important mineral reserves such as copper (590 Mt of resources),
molybdenum (20 Mt), silver (250,000 t) and gold (13,000 t) (Cunningham
et al., 2008). These resources have brought considerable wealth to many of
these areas and have helped in alleviating poverty. Yet mining remains a
controversial activity, which in some cases has divided society and has caused
large scale environmental impacts (Paredes, 2016). This chapter investigates
the socio-environmental impacts of mineral exploitation in selected Andean
countries with a particular focus on water resources. Specific issues such as
local hydrology, community engagement and technological advancements
are investigated and discussed with respect to each country.

Mineral resources exist in each of the countries that contain sections of the
Andes mountain range, countries with some of the largest reserves are Chile,
Peru and Colombia (Cunningham et al., 2008). The scale of industry and the
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environment in which mining operates varies considerably between these
three countries. Chile has the most mature and developed mining industry,
and mining has traditionally been a cornerstone of the national economy,
with the industry providing about 11.2% of the total Gross Domestic Product
(GDP) in 2014 (Fundacion Chile, 2017). The majority of mining exports in
Chile are copper, which in 2014, accounted for 37.6% of total global production
(Fundacion Chile, 2017). Molybdenum, gold and silver production also
contribute to the GDP but are less significant than copper (Quirland and
Leclerc, 2013). The vast majority of copper mining in Chile occurs in the
northern regions, particularly the region of Antofagasta, which contains some
of the world’s largest copper mines and accounts for around 56% of Chile’s
total production (Arena Minerals, 2015). Figure 2.1 displays the location of
copper mines in Chile using spatial data of all Chilean copper mines obtained
from Albers (2012). The environment in which many of the mines operate is
one of the most arid in the world, with extremely low levels of precipitation
and consequently low water availability (Aitken et al., 2016). With reducing
levels of water availability and increasing demand, productivity of some
operations has been affected with a consequent loss in earnings (Onstad and
O’Brien, 2015). Furthermore, the existence of other industries and agriculture
has led to conflicts and competition regarding water rights and overuse of
freshwater resources (Rivera et al., 2016; Aitken et al., 2016). The situation
is becoming more serious with predictions of lower water availability in
the future and greater use in all sectors (Valdés-Pineda et al., 2014). It is
extremely important for the mining industry in Chile, therefore, to hasten
the transition to a more sustainable industry, particularly with respect to its
water management and relationship with other water users.

In Peru, the mining industry is worth less to the national GDP than in
Chile (in 2013 mining, oil and gas accounted for around 4.8%), it is, however,
an important industry as it accounts for 55.2% of all exports (Ernst and
Young, 2016). The mining industry is highly diversified with the production
of copper, gold, zing, tin, molybdenum, iron, cadmium alongside various
other metals, the industry also supports around 210,000 jobs directly
each year (PWC, 2013). The locations of mines in Peru is well distributed
throughout the country as can be observed in Fig. 2.2 where locations of
Peru’s copper, zing, silver and gold mines are displayed using spatial data
from the USGS (USGS, 2014). The mining industry is extremely competitive
in Peru with comparatively low operating costs, low energy prices and
a legal environment favorable to mining (PWC, 2013). Nevertheless,
despite the considerable economic productivity of the mining industry
in Peru, there exists a strong social movement against the industry as a
result of environmental impacts, mismanagement of projects, poor wealth
distribution, corruption and violence against protestors (Paredes, 2016).
In 2014, the Ombudsman’s Office identified mining as being the primary
cause of 50% of the 270 conflicts in Peru since 2004 (Paredes, 2016). The
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Argentina

Fig. 2.1 The locations of medium to large scale copper mines in Chile using spatial data from
Albers (2012), Map layer: Google.

reasons behind these conflicts are diverse, including: perceived damage
to livelihood from large scale projects and the associated environmental
damage, increased economic inequality and in many of the cases, the
depletion and contamination of local water bodies. The issues related
to water resources in Peru are often the most divisive causes between
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Fig. 2.2 Locations of copper, silver, zinc and gold mines in Peru using spatial data from the
USGS (USGS, 2014), Map layer: Google.

communities and companies as water has an extremely high importance
in the Andean communities both for practical reasons and also spiritual.
The situation in Colombia is quite distinct from Chile and Peru. Mining
contributes a comparatively small percentage to the national GDP (2.1%)
(Rojas, 2015). Yet with much of the industry operating illegally, there exists
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a great potential for the industry to develop into a considerable economic
provider. The majority of mining in Colombia is for coal but gold mining
located mostly around the foothills of the Andes mountain range is becoming
increasingly important (Castellanos et al., 2016; Bustamante et al., 2016).
Figure 2.3 displays the location of the United States Geological Society

Fig.2.3 Thelocations of USGS listed gold mines in Colombia (USGS, 2014), Map layer: Google.
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(USGS) listed gold mines, there are many other illegal operations around
the same area and within the whole Andean range but their exact locations
are difficult to obtain. According to the government’s Financial Inspector,
Edgardo Maya Viallzon, in 2015, around 80% of gold mining in Colombia
was taking place illegally (Maya Villazon, 2015), other sources record the
figure to be as high as 86% (Rettberg and Ortiz Riomalo, 2016). Under such
circumstances, economically, the country is not benefitting to its full potential
and furthermore, with illegal operations disregarding environmental
regulations, contamination from the industry is causing extensive damage
to the health of workers, local residents and the environment. Contamination
arises mainly from the use of mercury for the amalgamation of gold, the
mercury is subsequently vaporised and released to the environment without,
in most cases, thought for the subsequent damage caused (Garcia et al., 2015).
The release of mercury from artisanal mines has been identified as the main
cause of health defects in many communities living close to operations and
the cause of considerable destruction of aquatic habitats (Garcia et al., 2015;
Cordy et al., 2015, 2011). It is highly important for Colombia’s continued
development to begin regulating the large illegal mining that is taking place
to combat human rights abuses, environmental degradation and increase
public revenue.

This chapter considers four particular areas related to socio-
environmental issues, firstly, socio-hydrology, water pollution and related
issues are investigated for each region, state regulations and company
culture are then considered, the area of community engagement is examined
followed by a section on technological solutions. Some issues are of more
importance to a certain country than the others and in that case may be
expanded more for that region.

Socio-hydrology, Water Pollution and Related Issues
Severe water pollution in Colombia

Unlike in the arid zones of Chile and Peru, Colombia has little issue
regarding the availability of water and water stress, the more pressing
issue with regards to the mining industry is the pollution entering the
water cycle and its impacts upon human and ecological health (Cordy
et al., 2011, 2013; Garcia et al., 2015). Small scale gold mining, which
is the greatest production method of gold in Colombia, is the cause of
considerable wastewater discharge related issues in the main gold mining
areas (Antioquia, Choco). Indeed, it is estimated that only 3% of Colombia’s
gold mines are in possession of an environmental license (Giiiza Suarez
and Aristizabal, 2013). Given the harmful nature of the mining practices
and materials, the impacts of mismanagement are great. In 2014, it was
reported that thousands of residents were forced from their homes in the



Socio-environmental Issues Related to Mineral Exploitation in the Andes 27

state of Choc6 as a result of mercury contamination in their water source
and lawsuits were filed claiming the death of 37 children as a result of the
contamination (McKenzie, 2014).

Artisanal gold mining operations in Colombia generally rely upon gold
extraction using the application of mercury to the crushed ore to produce
a gold-mercury amalgam. The amalgam is then heated allowing much of
the mercury to be vaporised leaving the gold in a relatively concentrated
form. This process has an efficiency of about 10% in which 10 g of mercury
is used to produce 1 g of gold, 9 g of the mercury is released directly into
the environment without adhering to the amalgam, the remaining 1 g
is released following vaporisation (Giiiza Sudrez and Aristizabal, 2013).
According to Cordy et al. (2015), of the mercury added to the processing
system, 46% is lost in tailings and 4% is lost through vaporisation. The
vaporisation normally takes place in ‘gold shops’, amalgam processing
workshops which tend to be located in urban centers, the release of mercury
into the air has the potential to greatly impact the health of the workers
and the local population. There have been a number of studies conducted
to identify the concentrations of airborne mercury around gold shops in
various towns in Colombia where gold extraction takes place. The region of
Anitoquia was recorded as the world’s largest emitter of mercury pollution
from artisanal gold mining in 2010, with an average of 92 tonnes of mercury
emitted (Garcia et al., 2015). With respect to air quality standards, the World
Health Organisation considers an annual average mercury concentration of
0.2 ng/m? to be tolerable with a value of 1 pg/m?considered hazardous to
human health (Cordy et al., 2015). In five cities within Antioquia, mercury
levels were found to range from 0.02 ng/m?® up to 1,000 ng/m?® with a
value of 10 ng/m? being common in residential areas (Cordy et al., 2011).
Exposure to mercury vapor can have serious short term and long term
consequences. Exposure to high levels of mercury vapor (1,200,000 + ng/
m?) can be fatal, lower levels can cause chest pains, dyspnoea, impairment
of pulmonary functions, long term neurological and renal degeneration
among other illnesses (Cordy et al., 2013; Bustamante et al., 2016). Several
health assessments were conducted by Garcia et al. (2015) in the town of
Segovia to determine mercury levels in the urine of residents. The results
from 37 residents in 2013 demonstrated that 43% of those tested had normal
levels of mercury toxicity (< 5 pg/g creatinine), 22% fell within an abnormal
level considered an alert category (Drasch et al., 2002), 19% were at a level
considered to require action (20-50 pg/g creatinine) and 16% were found
to have extremely high and dangerous levels (> 50 ng/g creatinine).

The proportion of mercury that is released within the mine tailings
also poses a substantial threat to local water bodies. Deposited mercury is
capable of entering the food chain rapidly either in soil or in water (Giiiza
Sudrez and Aristizabal, 2013). In soils, the mercury can be absorbed by
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plants which can then damage the functioning of herbivorous animals that
consume the plants (Azevedo and Rodriguez, 2012). Without containment
infrastructure in place, mercury can very easily travel to water bodies
causing direct impact to people who are abstracting water for drinking
and also through the bio-accumulation within organisms living in the
area. Pinedo-Hernédndez et al. (2015) conducted a study investigating the
speciation and bioavailability of mercury in gold mining areas of Colombia,
the study found higher levels of mercury from sampling stations receiving
water downstream from mining areas, the exchangeable concentrations of
mercury were determined to be low but considered high risk due to the
capacity to bio-accumulate in organisms. Similarly to the inhalation of
mercury vapors, the consumption of mercury contaminated water and fish
can lead to severe organ and neurological damage, and in extreme cases,
death (Yard et al., 2012). The issue of water contamination from mining in
Colombia clearly must be addressed, various solutions regarding regulation
and technological advancement will be discussed later.

Water stress and contamination in Peru

Peru’s water resources vary considerably depending upon location, there are
three main watersheds within the country: the Atlantic, the Pacific and the
Titicaca watershed (Lavado Casimiro et al., 2012). The Atlantic watershed,
which contains Peru’s section of the Amazon rainforest contains the vast
majority of the total water resource volume of the country, accounting for
97.8%. The Pacific watershed, which contains the majority of the Andes
mountain range accounts for 1.7% of the total available freshwater, and the
remaining 0.5% is located in the Titicaca watershed (Eda and Chen, 2010).
The distribution of water resources is problematic in Peru as the majority of
the population (60.4%) live in the Pacific watershed which is also the area
with the greatest water demand from agriculture, industry and mining.
Mining accounts for only a small proportion of total water use in Peru, in
2010-2011, this value was 1.4% compared to a value of 86.8% for agriculture.
In the Atlantic watershed, the figure is highest at 5.4%, in the Pacific it is 0.7%
and in the Titicaca watershed it is 1.5% (Eda and Chen, 2010). In Fig. 2.2 it
is possible to observe that mining is widespread throughout the country,
at least on a north-south axis, the larger mine sites are located mainly in
the highlands of the Andes. The severity of water stress with respect to
mine sites depends greatly upon local conditions. Those sites located in
the Atlantic Basin are unlikely to be as affected by low water availability
as mine sites located in the Pacific Basin. Areas which have been reported
as having particular issues regarding scarcity are the southern regions of
Tacna and Arequipa (Budds and Hinojosa, 2012). It has been alleged that
the mining industry in the south has had a strongly adverse impact upon
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water availability for local communities and ecological services (Budds
and Hinojosa, 2012).

This particular issue has been the cause of many community-company
conflicts in Peru over the past several decades. Peru has witnessed a huge
increase in mineral exploration and extraction from 1990 through to the
present day. From 1990 to 1997, mineral exploration was recorded as having
increased by 2,000% (Jaskoski, 2014). From 2001 to 2007, the number of
mining claims increased from around 1,000 to 8,000, increasing the areal
claims from under 500 hectares to 3,500 hectares. The government has since
gone further to encourage investment, between 2006 and 2011, 99 decrees
were passed to break up community land for the exploitation of natural
resources. As a result, over 50% of mining concessions encroach upon areas
containing agricultural communities (Jaskoski, 2014) who often end up in
conflict with the operating mining companies, particularly over the use
or contamination of local water bodies. In March 2012, 162 active conflicts
between companies and communities were registered in Peru, 117 of these
were related to the exploitation of natural resources (Jaskoski, 2014). A
number of these conflicts have received considerable international attention
due to their scale and the impact upon the country as a whole (Hill, 2015;
Schipani, 2016). An interesting case study is the Tia Maria project in the
Moquegua region which is explained in Case study 2.1.

Case study 2.1. The Tia Maria Project

The Tia Maria (Fig. 2.4) project is a copper mining project in the southern
Arequipa region of Peru with a proposed 120,000 tonnes per year production of
copper (Kozak, 2015). The operating company conducted three public audiences
between 2007 and 2009, the first before the development of the EIA and the other
two during its development (Jaskoski, 2014). Opposition to the project arose in
the local community as a result of the plans to use local freshwater sources for
the mines requirements. The EIA developed by the company proposed the use of
water from existing waterways, underground sources or from desalination but
heavily backed the use of river water. Despite protests, the operating company
was slow to shift their final position from backing freshwater use to developing
plans to implement desalination. During this time, a non-binding referendum
was held in Cocachacra in which 90% of voters opposed the project (Spillan et
al., 2011). The decision to use desalinated seawater was eventually proposed but
by which point the protesters and the main opposition group declared that the
project must be terminated (Jaskoski, 2014). The government continued to back
the project, in 2010 however, a review of the EIA was conducted by the United
Nations Office for Project Services which found considerable deficiencies in the
study. Protests escalated and clashes with the police left three people dead, as a
result, the project was finally cancelled.
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t, Map layer: Google.

Fig. 2.4 Location of the Tia Maria mining projec



Socio-environmental Issues Related to Mineral Exploitation in the Andes 31

The Tia Maria project is by no means an irregularity in Peru, in June of
2015, according to the Defensoria del Pueblo (a state sponsored organization
to protect citizen’s rights), of the 116 active socio-environmental conflicts
72 cases (62%) were directly related to mining activities. Similarly to the
Tia Maria project, many of these conflicts have resulted from water issues.
Another large proposed mining operation, Conga, has faced social pressure
against its development due to the lack of faith in the mining company to
deliver the pledged water diversions to the local communities. With these
fears unalleviated, protests took place that saw a forceful response from riot
police prompting the government to declare a state of emergency (Jaskoski,
2014). After the escalation of the conflict it became too late for concerns to
be addressed due to the deep divisions between stakeholders. Further work
had been conducted on revised water strategies however the project has
since been suspended (Kozak, 2015).

Contamination of water bodies from the mining industry is another
dominant issue in Peru that can be linked to many of the current conflicts.
Contamination from the mining industry was more problematic in the past
when environmental regulations were less stringent although issues remain
as state monitoring is often lacking (Budds and Hinojosa, 2012). Water
monitoring studies downstream of Peru’s largest gold mine in the Cajamarca
area have shown water quality that has failed to meet company and
government standards (Bebbington and Bury, 2009). Water contamination
is largely blamed on leaching of acids and metals (acid mine drainage), the
dumping of tailings (Budds and Hinojosa, 2012), and has been implicated
in the high contamination levels of some of the most polluted rivers in Peru
in most of the Pacific watershed (Monge, 2016). Furthermore, residents and
companies tend to use different methods of water quality measurement,
companies use quantitative measurement and residents are more vernacular
and qualitative. Naturally, this difference leads to mistrust as residents
often do not understand the scientific methods employed by the industry
and companies may believe that residents exaggerate their experiences
(Bebbington and Bury, 2009). According to Bebbington, the mining industry
released around 13 billion m? of effluent into Peru’s water courses annually
prior to 2008. In July of 2008, a state of emergency was declared at a mine
site near Lima due to fears that the tailings dam could leak arsenic, lead
and cadmium into the capital’s water supply. Naturally, the impact of the
mining industry on water quality in Peru remains a considerable issue in the
public domain and source of tension between communities and companies.
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Severe water stress in Chile

In Chile, the majority of mining occurs in the arid and relatively sparsely
populated areas in the northern regions which can be observed in
Fig. 2.1. Despite the low population density, however, the impacts upon
local communities and the environment are high due to the very low
levels of precipitation, water storage and runoff flows (Aitken et al., 2016;
Valdés-Pineda et al., 2014). The mining industry, in general, has provided
Chile with largely positive economic impacts and is one of the reasons why
Chile has a higher GDP and a more stable economy than many of its Latin
American neighbors (Fundacion Chile, 2017). As a result, mining is generally
seen in a positive light by the Chilean population as a producer of wealth
and employment. In the CSIRO 2014 study of Chilean attitudes towards
mining, it was found that mining was seen by the majority surveyed as a
“necessary economic pillar for Chile” (Moffat et al., 2014). Recently, however,
there has been an increase in conflicts between communities and mining
operations. Rivera et al. (2016) investigated the change in water related
conflicts in Chile over the past 30 years. In the 1980s very few disputes
were registered throughout Chile, the number has increased considerably
up until present day with disputes present in the far south to the far north.
The northern regions have witnessed a particularly noticeable increase in
disputes, the region of Antofagasta for example accounts for around 10% of
total water rights conflicts despite having a very small population relative to
the central regions (Rivera et al., 2016). Many of these conflicts relate to the
change in water rights ownership which in many cases has changed from
agriculture to mining alongside the banning of new groundwater rights
from the Government Water Agency (DGA in Spanish) (Rivera et al., 2016).
With regards to the regional water balances, the northern regions
of Chile suffer from an extreme imbalance between water demand and
availability. According to the World Bank (2011), the water availability
per person per year in Antofagasta is 52 m?, in the Atacama region it is
208 m® and in the far northern region of Arica and Parinacota it is 854 m®. For
comparison, the national average value is 53,953 m*/hab /yr. The regions of
Arica and Parinacota, Antofagasta and Atacama each have rivers flowing
within the regional boundaries, the flow rates of the rivers, however, are
extremely low, values of mean annual flow in Arica and Parinacota range
from 0.3 to 0.6 m*/s, 0.4 to 2.43 m*/s in Antofagasta and 0.8 to 1.85 m*/s in
the region of Atacama. Furthermore, there have been indications that rainfall
has been decreasing over the past century (Burton et al., 2005) and future
predictions suggest that there will be significant reductions in Altiplano
precipitation over the coming century (Minvielle and Garreaud, 2011).
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In the country as a whole, agriculture is by far the greatest user of
water at around 77.8% whilst mining accounts for about 7.2% (Valdés-
Pineda et al., 2014). Nevertheless, as the majority of mining takes place in
the north of the country, a high proportion of the water use in the regions
with very low availability is consumed by the mining industry. Aitken et
al. (2016) calculated that in the region of Antofagasta, consumption from
the mining industry accounted for around 64% of total consumption with
agriculture accounting for about 15%. The high consumption from the
mining industry puts strain upon other users and also on ecological services,
particularly since much of the water is sourced from ‘fossil ground water’
with an extremely low recharge rate (Foster and Louks, 2006). Indeed,
the competition between the mining industry and local communities and
industries has been covered in the international media (Jarroud, 2013;
Moskvitch, 2012; Onstad and O’Brien, 2015). Despite the mining companies
operating, in most cases, in accordance with government legislation, the
negative coverage can be highly damaging to large companies particularly
when the opinion of local and national populations transition to a more
anti-mining stance. Aside from the negative publicity, mining operations
are also at risk of even lower levels of freshwater availability which in
periods of drought can greatly impact the productivity of operations, this
has already been observed in the case of the Los Bronces mine during a
recent drought period (Onstad and O’Brien, 2015).

Regulations and Company Culture
Inadequate regulations and illegal mining in Colombia

In 2011, the National Mining Agency and the Colombian Geological
Society were created alongside the Deputy Minister of Mines to oversee
and regulate activities, superseding the Mines and Energy Ministry (USGS,
2015). With respect to environmental management, at the commencement
of a project, mining companies are required to submit environmental
impact assessments (EIAs) of their proposed projects which has been part
of Colombian legislation since 1993 (Toro et al., 2010). The EIA must contain
identification of environmental impacts, an environmental management
plan, zoning of environmental management measures, a monitoring
program, a contingency plan and an abandonment and final restoration
plan (M.e.r., 2016). Public consultation with indigenous communities is also
mandatory if the project is expected to affect their territory.

One major criticism of the environmental management of the mining
industry in Colombia is that no EIA or environmental study is required
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for the exploration stage and furthermore, disclosure to local communities
is not required (Alvarez, 2013). Local communities are often only aware
of the project at a later date which makes it difficult for communities to
appeal against the project leading to conflict which in some cases can end
in violent incidents (Alvarez, 2013). In a study of the effectiveness of EIA in
Colombia, Toro et al. (2010) used a review model which evaluated the EIA
process in Colombia using 16 different criteria. The fundamental criticisms
in the study were:

e The lack of competent professionals working in administration
of environmental licenses and mining being exempt from EIA
requirements before 2010 (the year the analysis was published)

* The absence of methodological guidelines for identification and
evaluation of significant impacts, and the absence of a standard for
weighing environmental factors

e Strategic environmental assessments being considered optional

e Public participation is only mandatory for indigenous communities
and is therefore discriminatory against the general public

e No law ensuring projects are monitored for adherence to the EIA

¢ Incentives for conducting an EIA are lacking and rehabilitation bonds
are not enforced meaning that there is no guarantee of environmental
management being applied

Suggested potential improvements are:

® An increase in specific guidelines for the EIA process, ensuring that
those conducting EIAs have the necessary knowledge and skills via
registration and development of a generic methodology

* Analysis of alternative scenarios necessary for all projects

e Ensuring public participation is increased through open consultation
groups and publication of plans in local media

e Making an environmental insurance policy available for projects to
ensure that environmental commitments are kept and incentives
(economic benefits) are available for conducting EIAs.

In Colombia many of the environmental regulations require
improvement, yet as much of the gold mining industry is illegal, these
regulations are still not being adhered to and therefore, a first priority is
to engage with and legalize those mining illegally. According to the last
mining census in 2010, 63% of mining operations were operating illegally,
the value was 86% for gold mining operations (Rettberg and Ortiz Riomalo,
2016; Bustamante et al., 2016). Indeed, it has been well documented that
recently, many of the illegal organizations cultivating and trafficking drugs
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in Colombia have switched to the illegal mining of gold as a result of a
government crackdown on drug production and high gold prices (Rettberg
and Ortiz Riomalo, 2016). This increase in illegal mining has consequently
led to a growth in violence within gold producing municipalities, despite
an overall reduction in homicide rates countrywide. To address the issue of
violence, human rights abuses and mercury contamination, it is necessary
that artisanal miners obtain licences and are regulated to ensure safe and
environmentally benign operating practices. Nevertheless, to legalize mining
in areas that are extremely remote, influenced by illegal organizations and
suspicious of government intervention poses considerable difficulties.
Illegal miners do not adhere to environmental regulations for a number
of reasons: they are not well regulated locally, they are uninformed about
the consequences of their actions, they do not have adequate capital to
invest in alternative processing methods and in many cases do not have the
knowledge to operate alternative processes (Gliiza Sudrez and Aristizabal,
2013). So far government interventions in illegal gold mining in Colombia
have met with little success. Persecution of illegal miners has led to many
mines being closed and 3,400 artisanal miners being incarcerated during
the Santos presidency (Giiiza Sudrez and Aristizabal, 2013). This method
of dealing with illegal mining can have profoundly negative impacts upon
communities and families that are dependent upon small scale mining. It
is more important, therefore, that the government engages positively with
those involved in artisanal mining to support local communities in a manner
which ensures efficient and environmentally benign operations alongside
the eradication of human rights abuses. Providing the government or local
authority can gain the trust of the miners, it may be possible to increase the
number of mining licences and provide guidance on methods to mine in a
more efficient manner with reduced impacts. Furthermore, the government
can provide financial support for miners to implement new techniques to
avoid the use of mercury in processing which will be discussed later in the
chapter. The benefit to the government will be increased tax revenues from
the newly legal miners, reduced environmental damage and an improved
relationship with local communities. On the part of the government, this
strategy will require considerable investment, in resources to engage with
mining communities, development of guidelines for miners, investment
in communities to purchase technologies to process gold without mercury
and personnel to ensure adherence and provide constant communication
between the authorities and communities. Nevertheless, it is likely that such
investment could provide a long term economic and environmental return.
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A laissez-faire attitude to environmental regulations in Peru

In Peru, mining is regulated by the Ministry of Energy and Mines, the
Geological Mining and Metallurgical Institute, and the National Authority
of Environmental Certification. For a mining project to be given approval
it is necessary that the operating company produces an environmental
impact assessment, a step introduced in 1990 as a condition of international
financial institutions (Li, 2009). EIA procedures were only approved legally
in 2009, mining companies must now, therefore, adhere to certain procedures
for conducting an EIA. In brief, the environmental impact assessment
must contain a summary of the project, proposed actions, a baseline
study (current environmental conditions), identification of environmental
impacts for the whole duration of the project, environmental management,
contingency, closure, public participation, monitoring and control plans,
project scheduling and budget. Throughout the process, public hearings
are also mandatory and for affected indigenous people, they have the
right to prior consultation. The purpose of the EIA is that projects that
are deemed to have an overly negative impact upon the environment or
local communities are unable to proceed or are required to adapt their
project plans. Nevertheless, there has been considerable criticism of their
implementation in project development in Peru. One of the major criticisms
is the difficulty in disputing the approval of EIAs and the leniency of the
regulating agency. Indeed, up until 2009, according to Li (2009) only one
project had been halted as a result of public opposition, however, even in
this case the reason was reported as being a financial not an environmental
issue by the Ministry of Energy and Mines.

One common theme in problematic mining projects in Peru is inadequate
EIAs which requires improvement both by companies undertaking the
studies and by the regulating government agency. The current attitude to
the EIA is that it is simply a necessary hurdle with the acceptance of a project
a for gone conclusion. It is therefore important that EIAs are scrutinized
more closely by the regulating agency to ensure that the depth and quality
of the study is acceptable and if lacking, revisions are demanded. With a
higher level of scrutiny and the possibility of projects to be put on hold for
inadequate studies, the industry should react by conducting higher quality
studies that in the long term will ensure improved project outcomes. A
criticism of the EIA format in Peru is that project designs do not require
adjustment following community complaints (Jaskoski, 2014). To avoid
situations in which conflict and violence erupts between communities
and companies it is necessary for the interests and concerns of the local
communities to be of primary importance in the planning of a project and
also in development of the EIA.
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Progressing beyond the national standards in Chile

Many of the socio-environmental issues surrounding water management
and mining in Chile are related to water scarcity and the overuse of
resources by the industry. Much of the issue dates back to the creation of
Chile’s 1981 Water Code in which water rights can be freely bought and
sold on the open market (Rivera et al., 2016). The concept of the code was
that water would be used for the most economically productive industries
as these would be the industries with sufficient capital to invest in the
rights. Naturally, this has driven rights away from agriculture and small
communities, and concentrated rights with large mining companies.
There is little protection of human rights regarding water availability in
Chile, particularly with respect to international standards (Cavallo, 2013).
Indeed, the Chilean constitution is at odds with several international
obligations with respect to the protection of indigenous people, particularly
regarding water. Unsurprisingly, the use of freshwater within areas
inhabited by indigenous communities has caused some friction between
the industry and the communities, as often, indigenous communities do
not recognize ownership of water resources, considering it to belong to all
and in some cases to have a spiritual value (Camacho, 2012; Prieto, 2015;
SDSG, 2010; IIED, 2002). There are various interesting case studies in Chile
demonstrating strained community-company relations. One such case is the
mining operation of Chuquicamata and the local population of Chiu Chiu
in the region of Antofagasta (Camacho, 2012). The commodification of the
water in the area dates back to 1983 in which informal management systems
were transformed into a formal model of private ownership restricting
access to measureable flow rates (Prieto, 2015). Given that mining provides
a far higher economic return than the agricultural practices of the local
community, the water was redistributed to local mining operations via the
water market (Prieto, 2015). Since the redistribution of the water rights, the
community has reported a considerable change in the local water resources
with wetlands turning to areas of dust. This change has led to a decline in
local agriculture, the herding of livestock and crop cultivation (Prieto, 2015).
According to Camacho (2012) the leaders of the Chiu Chiu community feel
aggrieved at their water allocation, yet as the law stands there is little the
community can do to access increased water rights. A larger and more high
profile case study in Chile related to water management and the industry
attitude to environmental regulations is that of the Pascua Lama project
which is explained below.
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Case study 2.2. The Pascua Lama Project

The Pascua Lama (Fig. 2.5) project is a gold mining operation located high
in the Andes mountains above the Huasco valley in the Atacama region. The
project is located between Chile and Argentina, and according to BarrickGold,
the operating company, the reserves of gold amount to around 18 Moz and
718 Moz of silver, with the mine expected to have a life span of over 25 years
(Barrick, 2009). The operating company was granted rights to survey the
mine location in 2001 and preparations were made to begin construction
in 2009. In 2009, the estimated project budget was US$ 3 billion (Urkidi,
2010). The project has since been plagued by environmental violations and
unsatisfactory environmental impact assessments (Urkidi, 2010). Many of
the issues have been related to the impact upon three glaciers (Toro 1, Toro 2
and Esperanza) that feed the Huasco valley with snowmelt. The population
of the Huasco province is 66,491, with many of those living in the valley
being directly dependent upon agriculture which is fed by snowmelt from
the Andean glaciers likely to be affected by the project (Urkidi, 2010). Issues
arose between the mining company and the local population when the impact
upon the glaciers was not mentioned in the first environmental impact study.
After consideration the operating company developed a plan to mitigate
impacts by relocating the affected glaciers, this was however, eventually
rejected by the National Environmental Commission (CONAMA). In 2006,
modifications to the project were finally approved with the condition that
the project could not cause the glaciers to retreat, be displaced, undergo
destruction or physical intervention (Cavallo, 2013). In 2009, it was discovered
by the Operational Control Committee that compliance was breached, water
had been extracted from a non-authorized point and dust from operations
was leading to enhanced melting of the glaciers. In 2012, the Latin American
Water Tribunal submitted a verdict on the case of the Pascua Lama project
and water damages (Cavallo, 2013). The States of Chile and Argentina were
prompted to declare a moratorium on the project. The project was temporarily
put on hold by the Court of Appeal in Copiapo in 2013 as a result of the
environmental destruction, the project remains in a state of cessation. The
Pascua Lama project is a clear example where both state regulations and
company engagement has failed to address the needs of the local community
which has resulted in economic loss, unnecessary environmental damage and
generation of mistrust in the community and the country.
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Fig. 2.5 Location of the Pascua Lama mining project, Map layer: Google.
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For new projects, the case study of Pascua Lama provides a
cautionary example of the need for a change in attitude, alongside
a thorough and highly transparent approach to investigating and
communicating the likely environmental impacts of new developments
whilst considering both international and national standards. Alongside
project proposals, by law, environmental impact assessments must be
conducted to identify potential impacts of operations. It is often the
case, however, that companies perform these to the minimum standard
which may have been accepted in the past but now face a higher degree
of scrutiny from NGOs and the public as demonstrated in the case of
Pascua Lama.

Community Engagement and Trust
Endemic mistrust in the Colombian mining industry

The level and positivity of engagement and trust between the mining
industry and local communities in Colombia varies between states and
communities, on the whole however, relations between communities
and industry can be considered poor (ABColombia, 2015). In many cases,
communities are highly dependent upon the mining industry as a source of
employment, for example, it is estimated that around 314,000 Colombians
work directly in artisanal mining and medium scale mining operations
(ABColombia, 2015). Yet, the relationship with the sector is often a strained
one due to the violence inflicted by many of the operating groups and
the considerable social and environmental impacts of the operations.
Additionally, the government’s push to increase foreign investment by
granting mining rights to multinational companies is putting great pressure
on communities living in the areas in which rights have been granted. An
interesting case study is that of the Chocé region of Colombia which is
explained below.
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Case study 2.3. The Region of Choc6

Choc6 is a remote region on the west coast of Colombia (Fig. 2.6), it has a
low population density and is extremely biodiverse, the region contains
about 65% of all Colombian bird species (ABColombia, 2015). It is estimated
that 95% of the population are indigenous or Afro-descendant. Choc6 is
rich in natural resources, the exploitation of minerals began in the 1980s as
miners arrived using rudimentary extraction techniques to recover gold and
platinum. The industry quickly became an important source of income for
illegal organizations, paramilitary and guerrilla groups (Gtiiza Suarez and
Aristizabal, 2013). The arrival of these groups severely limited the ability of
the local communities to continue with traditional mining techniques and
much of the population became economically dependent upon working
in mining camps but continue to face high levels of human rights abuses
within the camps. Furthermore, with regards to multinational corporations
(MNCs), it has been estimated that around 41% of the Chocé region is
subject to mining concessions, 75% of which have been granted to MNCs.
The potential for conflict is great, as 96% of the region belongs to Afro-
descendants or indigenous peoples (ABColombia, 2015). Indeed, there have
been several recent protests and court cases against the mining concessions
(Acosta, 2014). There is, however, very little protection for the indigenous and
Afro-descendant communities in Colombia, particularly as the government
is promoting foreign direct investment and the auctioning of large areas that
have been identified as mineral rich. As a result of the weak government
support and legislation, mining companies (both at small and large scales)
have a poor record with regards to community engagement and protection
of their human rights. There is considerable evidence from Choc¢ that forced
displacement is common, as well as physical violence and intimidation. It has
also been recorded that often those who oppose the industry can face death
threats and the possibility of being murdered. Communities are hesitant to
protest against the industry due to the indifference displayed by the state
and the potential for violence inflicted by security forces that have in the past
killed protestors. Aside from the more violent aspects of the industry, the
environmental negligence of companies has greatly affected the environment
that many communities are dependent upon for their source of food. High
mercury levels in water and fish has led to considerable damage to the health
of residents in certain cases in Choc6 (ABColombia, 2015).
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Fig. 2.6 Location of the Choco region, Map layer: Google.

The extremely poor community engagement and human rights issues
in Colombia are mainly a result of the lack of enforcement from state
regulators, regulation on such matters is weak and enforcement is limited.
It is therefore a government responsibility to first of all ensure that mining
operations are operating without violation of human rights which will
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require a robust overhaul of the current industry in which operators must
obtain licences and be regularly audited. The required investment in such
a scheme will undoubtedly be great but necessary for the protection of
citizen’s human rights. To address the social and environmental problems,
outside pressure from non-governmental organizations and mineral buyers
can also have considerable impact. Customers of mined products have
the ability to demand products that are mined without the violation of
human rights and with minimal environmental impacts. Those managing
the operations will therefore be pressured into complying with demands
to continue operations.

Building trust and cooperation in Peru

In Peru, mining companies have a mixed reputation among the population,
the communities in close proximity to operations, however, tend to have a
particularly negative opinion (Paredes, 2016; Armstrong et al., 2014). The
manner in which mining companies engage with local communities is
often criticized as a result of the lack of understanding and respect shown
to communities, particularly indigenous communities. Water management
is one area that is particularly important for all stakeholders and is an area
which strong co-operation and agreement is necessary if the industry is to
mature. In Peru, it has been reported that there is often a considerable lack of
trust between communities and mining companies as a result of the manner
in which companies interact with them. Armstrong et al. (2014) looked at
the responses of local communities to two mining projects in Peru. In both
cases, the communities made clear that water resources were the most
pertinent issue due to its importance for agriculture and everyday living.
Communities expressed concerns about overuse of water from mining and
the possibility of contamination of water supplies. The researchers recorded
residents explaining that they blame contaminated water for health issues
and instead they buy water from the local town. Many of the residents felt
that the mining operations were not being transparent about the impacts
the operations are having upon local water supplies. The communities
also showed high levels of scepticism to the company’s approaches to
community engagement. It is generally perceived that companies do not
take engagement seriously and rarely go further than the law requires. In the
records of Armstrong et al. (2014) it is regularly mentioned that companies
provide insufficient time for communities to understand the project, reports
are criticized as being oversized and overly technical, the fact that many
communities speak Quechua is overlooked and many important impacts
are simply not included or poorly explained.

In the case of Peru, it is likely that many of these aforementioned
situations could be largely avoided through a change in the manner of
community engagement by the industry. It is important primarily that
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companies approach local communities at the earliest possible stage of a
project to detail proposals and ask for feedback with any doubts regarding
the project. During this first phase, communities should be approached with
respect regarding their local values, knowledge and customs (Armstrong et
al., 2014). Companies must take measures to understand what is important
to the community and if communities feel that an area of importance is under
threat, the company should devise a suitable solution in conjunction with the
community. It should also be a responsibility of the government to provide
information regarding the social and cultural practices of local communities,
with this information, companies can therefore conduct prior research
to understand what concessions will be most effective. Often companies
make decisions based on their own values of what communities require
such as the development of supermarkets and modern houses but fail to
understand what is considered valuable by the community. Furthermore,
such offerings are often treated as simple bribes by communities, which
can cause division with some residents willing to accept such gifts while
others refuse. Early dialogue is therefore important to understand how the
community can live peacefully alongside the operation and in which ways
the company can improve local living standards without condescendingly
simply offering money or gifts based on western style values. In some
cases, local residents are grateful for infrastructure developments that are
made by the companies but often wish to have more input with respect to
developments by the company.

Many of the complaints in Peru are also concerned with the lack of
transparency of the mining companies, particularly with regards to water
use and water contamination. It is essential for developing good relations
that companies are upfront about the water requirement of a mine site
and any potential impacts related to discharge. The company can then
suggest potential solutions which can be assessed by the community. In
many of the interviews of community members (Armstrong et al., 2014),
the members demonstrate a desire to understand more about the projects
and appear willing to embrace the idea provided their views are respected
and the necessary adjustments are implemented. Given that water is such a
widespread and important concern for almost all communities in the Andes,
it is important that companies detail where water will be extracted from,
the flow that extracted, how much will be left for the environment and local
consumption and what strategies the company is planning to undertake to
minimize the impact to the community. With respect to water contamination,
the company must be extremely clear about what contamination is possible,
the likelihood of such events and the potential impacts. They must provide
arobust plan to minimize contamination and emergency plans to deal with
any unplanned releases.
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In Peru, the mining industry, communities and the country as a
whole have suffered as a result of poor environmental regulation and the
indifference of mining companies. With a change in attitude, a strengthening
of regulation and improved engagement with local communities, the
industry can become more productive, profitable and impacts upon
the population can be reduced with community-industry relationships
becoming more positive and progressive.

Developing a gold standard in community relations in Chile

As mentioned earlier, despite community relation issues being smaller scale
and less violent than other Latin American countries, poor community
relations remain a problem for the sector in general. In Chile, due to the
increasing power of smaller communities resulting from the rise of social
media and interest from the population as a whole, mining companies
are under considerable pressure to minimize their impacts upon local
communities and indeed work proactively alongside the communities. It is
extremely important that companies in Chile develop a more positive and
deeper attitude towards their community relationships as the opinions of
local communities will continue to strengthen and impact project outcomes.

Many of the solutions that are necessary for Chile are those that have
been discussed with respect to Peru, the industry in Chile is, however, in a
position to go further and potentially develop into a gold standard for the
industry. It is important for the industry to ensure that the basic engagement
is conducted well, such as providing transparency regarding impacts of
operations and an outlet for continual dialogue but also to achieve more by
enhancing local areas, creating high skill jobs and developing educational
programs with a longer term vision.

In the mining industry in general, it is unusual for skilled employment
to be sourced from local communities, as in many cases, the local skill levels
tend to be low. An important step for the industry would be to increase
the training of the local population which would allow them over time
to work in high skilled positions within the project and transfer those
skills elsewhere following the project closure. It is an area that has been
discussed in the Roundtable Debates of the 2016 Mining Report published by
Fundacion Chile (Fundacion Chile, 2017) by the industry’s business leaders.
Itis not solely the responsibility of the industry but should be developed in
conjunction with the Ministry of Education to ensure young people have the
capacity to further develop their skills to work in the industry, particularly
from remote communities. Providing young people have the necessary
basic skills, they can then be enrolled within a company training program
to further develop. Alongside the need to develop educational programs,
in the Round Table report, the importance of including communities in the
project supply chain was mentioned, this would ensure that local businesses
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are used, which include any service from catering to maintenance of
machinery and construction.

Another area for the industry to focus is local infrastructure, a
contentious issue with local communities is the development of mining
towns with poor infrastructure, a ‘fly in, fly out’ workforce and many social
issues. The industry can improve such scenarios through investment in
leisure facilities available to workers and the local community, these could
be parks, swimming pools and golf courses, etc. The outcome would be an
area more suitable to develop tourism, attract mine workers to live more
permanently there, both of which could also benefit the local economy.

It is important in the case of Chile that mining companies go beyond
what is currently expected of them, once experience is gained on how
to develop strong relationships, similar techniques can be used for new
projects. Fostering a good reputation will greatly reduce the possibility of
negative project outcomes which has caused considerable damage in certain
cases in Chile. With an improved track record, communities will likely be
more receptive to new projects.

Technological Solutions
Implementing basic technological improvement in Colombia

In Colombia, alongside working with mining communities to legalize
and regulate operations, the implementation of technical solutions to
reduce environmental impacts is of prime importance. As mentioned, the
greatest environmental issue in artisanal mining is the use of mercury in
gold extraction. Mercury is used because it is a cheap material, it is easily
available, simple to use and suits small scale operations (Saldarriaga-Isaza et
al., 2015). Aside from the environmental issues, however, the use of mercury
is an extremely inefficient method to recover gold with an efficiency rate of
about 10%. The reasons for this are the poor equipment used to mix the ore
and mercury, and the restriction in gold particle size which must be around
0.07 to 1.5 mm (Hylander et al., 2007). It is necessary that the use of mercury
in gold mining is eventually phased out due to its highly destructive nature.
Small steps are first necessary, however, to improve the current technologies.
Increasing the safety of use and reducing environmental impacts must be the
first priority before complete replacement of mercury based extraction. One
method for reduced use of mercury is through the implementation of ore
concentration to maximize gold content, thus minimizing material inputs.
Gravity separators or centrifuges can be used for this purpose (UNEP, 2011).
Furthermore, the size of the particles is extremely important, high efficiency
milling should be incorporated along with sieving to produce a consistent
feed. Advanced techniques such as shaking tables and flotation cells can also
be used to increase the capture of gold particles from the ore (UNEP, 2011).



Socio-environmental Issues Related to Mineral Exploitation in the Andes 47

With respect to vaporization, emissions can be greatly reduced through the
use of closed circuits (retorts) which can reduce mercury emissions by 75 to
95% over open burning or through the use of fume hoods with water boxes
to trap the mercury which are capable of capturing about 80% of emissions
(UNEP, 2011). The United Nations Industrial Development Organisation
(UNIDO) tested various techniques to reduce mercury emissions in Segovia,
Colombia (Cordy et al., 2013). The techniques were: education regarding
the economic benefits of reducing mercury use, installing vapor filters and
retorts, supporting the conversion to cyanidation tanks and improving
the working environment. They found that those processing centers that
participated in the project reduced mercury use by half, many of the new
processing operations were operating mercury-free and mercury vapor
concentrations in the town were reduced by almost 50% despite an increase
in gold production. To completely phase out mercury use, replacement
techniques such as direct smelting and cyanidation can be implemented.
Direct smelting is highly energy intensive and can only be conducted on
a very small scale, cyanidation is therefore a more practical option that is
now fairly common in larger operations, although cyanide is also highly
toxic and requires careful management. Cyanidation allows the leaching
of gold from the ore followed by absorption with carbon and the eventual
recovery via electrowinning. The process offers a highly efficient and
cheap method to recover gold using a degradable compound that can be
oxidized, after its use, in reaction tanks (Botz et al., 2016). Nevertheless,
if gold recovery with cyanide is to be promoted, robust guidelines must
be made and enforced with regards to the wastewater treatment to avoid
damaging discharges. Furthermore, the reprocessing of mine tailings
previously processed with mercury must be avoided due to the extremely
potent environmental impacts (UNEP, 2011). To start to reduce the use of
mercury and eventually replace it, the Colombian government must address
the need to engage with illegal miners and allow them to obtain licences
and therefore be regulated. The government can then provide the support
and assistance that the miners require to operate in a more environmentally
sustainable manner by providing financial incentives and organizing the
sharing of expensive equipment.

Reducing and replacing freshwater use in Chile and Peru

Water management issues in both Chile and Peru are often related to lack
of availability, here the possibility of reducing and replacing freshwater use
for both countries will be considered. To increase water use efficiency it is
necessary to consider where in the operation the greatest losses occur. In
a copper mining water balance study, Gunson et al. (2012) calculated the
greatest losses (89%) in a copper sulfide processing operation to be in the
tailings storage facility due to the entrainment, seepage and evaporation
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of the embodied water. The second greatest source of water loss was
determined to be water sprayed on roads for dust suppression at 9%. The
authors considered the implementation of various strategies to reduce losses
such as synthetic road dust suppressants, tailings thickening, evaporation
covers and ore pre-concentration among others. A combination of solutions
was implemented to the model and a maximum water use reduction of 74%
was calculated. Pre-sorting and the filtration of tailings provided 88.4% of
the savings and dust suppression accounted for 9.8%. There is a lack of
literature studying the economics of water consumption solutions, Aitken
et al. (2016) calculated the most cost effective solution to be road dust
suppression due to the low costs relative to the high savings potential. With
respect to dewatering of the tailings, the use of primary sedimentation with
the inclusion of flocculation was determined to be the most cost effective
option, however the greatest water savings were calculated to be from
filtration of the tailings.

A further option to combat issues associated with freshwater use is
the use of seawater within, a solution currently being pioneered by several
operations in Chile (COCHILCO, 2008). Uptake of seawater remains
relatively low, however, due to impacts upon copper recovery, potential
damage to equipment and the high cost to transport and treat the water.
There are examples of mining operations in Chile which are currently
using raw seawater in operations, the Michilla and Esperanza operations
are such examples. Construction of Esperanza was completed in 2010, the
seawater is pre-treated with electrochlorination and filtration with the
addition of anti-corrosion chemical. Following use in flotation, the water
is recycled to be reused in the process with the addition of lime to control
the pH. The mine also operates a small (2,400 m*/day) desalination plant to
provide desalinated water for domestic use and final washes. In the Michilla
operation, the operators have incorporated the use of seawater for leaching
of ore and agglomeration. The seawater undergoes sand filtration prior to
use. The high chlorine content in the leaching process resulting from the
seawater requires demineralised water to be added.

The alternative to using raw seawater is the implementation of
desalination allowing the water to be used as effectively as freshwater.
Despite the high costs of the desalination, its use is becoming more
commonplace as downstream processes do not require modification and
it can completely supplant the need for freshwater. The large Escondida
copper mine for example has used desalinized seawater for its sulfur
bioleaching plant since 2006 (COCHILCO, 2008). The reverse osmosis plant
produces 535 litres /s which is mainly consumed in the concentrator plant
3,160 meters above sea level. The water is transported using an aqueduct
along a distance of 176 km. The seawater is pre-treated with sulfuric acid
to allow flocculation of organic matter via flotation. Reverse osmosis then
removes the salts which end up in the brine which is returned to the sea



Socio-environmental Issues Related to Mineral Exploitation in the Andes 49

after running through a turbine to generate electricity. The operators of
Escondida mine are currently developing a considerably larger desalination
plant and conveyance system to provide the mine’s complete water use
through desalinised water. The final production rate will be 2.5 m?/s, the
project is expected to be completed in 2017 at a cost of around US$ 2 bn
(BHP Billiton, 2013).

The majority of copper mines in northern regions of Chile and the south
of Peru are located inland from the coastline in the Andes mountain range
at a high altitude requiring large conveyance distances and high pumping
costs. Despite these cost barriers to implementation, the uptake of systems
to use and treat seawater is expected to increase greatly as a result of the
pressure on companies to reduce their use of freshwater. In Chile, for
example, the total water consumption in the Chilean mining industry is
expected to increase from 14.7 m*/s in 2015 to 24.6 m?/s in 2025, with the
majority of the increase to be made up by seawater (COCHILCO, 2014).
Indeed, there is currently a bill being debated in the Chilean Government
to ensure that all mines with a water consumption above 150 L/s substitute
freshwater with seawater (Espinosa Monardes, 2013).

A combination of greater water use efficiency and seawater use is
most likely the optimal option for the future of mining in Chile and Peru.
The replacement of freshwater with seawater would obviously greatly
reduce the impacts of freshwater use but the economics will require careful
analysis as well as the impacts generated by using seawater such as the
greater energy requirements and the direct impacts of extraction and
waste generation. If these mining regions can successfully implement new
technologies to largely replace freshwater economically and with minimal
impact, social and environmental issues could be greatly reduced.

Conclusions

The mining industry will continue to be of primary economic importance
to many Latin American countries and for Chile, Peru and Colombia, the
progression of socio-environmental management is essential. In Chile
and Peru, the socio-environmental issues revolve mainly around low
water availability and conflicts between large mining operations and local
communities. In Chile, despite robust environmental standards, there
remain cases of friction between communities and operations where the
communities feel disregarded by the mining companies. The industry must
ensure that their relations with communities improve through collaborating
honestly, with transparency and with long-term community development.
The industry must take measures to reduce water consumption, a particular
area of friction, which can be achieved by greater water use efficiency or
replacement with seawater. The industry in Peru faces many of the same
issues as in Chile but with more severity with respect to community
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relations. Environmental regulations remain lenient towards industry and
require strengthening to protect the environment and the rights of many
of the local communities affected by large mining operations. Similar to
Chile, the industry must take a considerably more respectful approach to
working with local communities. It is necessary that companies understand
the issues considered important by those affected by their operations and
are willing to work collectively to find solutions. In Colombia, the mining
industry is gaining importance nationally, particularly for gold extraction.
The majority of the industry, however, operates illegally causing widespread
environmental damage and serious impacts to human health. The first key
move for the government is to engage with those operating illegally and to
allow transition to a legal and regulated framework. Additionally, support
needs to be provided to encourage the implementation of techniques to
first reduce the consumption of mercury and secondly to phase out its
use. Educational support should be provided to local mining communities
alongside financial assistance to provide new technologies, which can
greatly minimize the current socio-environmental impacts. It is imperative
that the mining industry and governments of each country give these issues
the attention and resources required to implement solutions that will deliver
the necessary change. Chile has the opportunity to develop an advanced
industry that can become a global leader in environmental management
giving the industry yet more economic importance. In Peru, if the industry
can improve its engagement with local communities and provide more
local employment opportunities whilst working to improve water use and
contamination issues with regulators, the industry would have the potential
to expand more sustainable, bringing high revenues and local benefits.
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CHAPTER 3

Waters of Andean Indigenous Peoples

Ancestral Rights and the Neutralization
of their Claims

Amaya Alvez,** Verénica Delgado,’
Fernando Ochoa? and Carla Cid?

Introduction: Ancestral Waters as Part of International Human
Rights Standards

Indigenous people inhabited Chile long before the Spanish invasion, led
by conquistador Diego de Almagro, in 1536. Indigenous people of the
region had their own customary laws, languages, religions and traditions.
The conquest and colonization of Latin America, and in particular the one
pursued in Chile (1536-1810), annulled any alternative legality to that
imposed by the Spaniards (Anghie, 2004). Only recently has there been a
move towards “the recognition of indigenous people as political subjects
and not merely as the object of a politics dictated by others; that is, as
subjects with rights to control their own institutions and self-define their
own destinies” (Yrigoyen, 2004; Alvez, 2017).
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Benedict Kingsbury (Kingsbury, 1998), defends the idea of ‘indigenous
peoples’ as a legal category that provides them great normative power as
subjects of contemporary international law. He claims that this principle
of international law could also be partially applied to them using the
language of human rights as legal entitlements based on the similarities
to the required elements: a territory, a population, the existence of a
governmental institution and legal international relationships (Kingsbury,
1998). In summary, among the international instruments and institutions
applicable in Chile that address protection of indigenous land and the water
resources located within it are (for a more complete analysis, Rojas, 2014)
the United Nations Charter,' the Universal Declaration of Human Rights,?
the International Covenant on Civil and Political Rights,* the International
Covenant on Economic, Social and Cultural Rights,* the United Nations
Declaration on the Rights of Indigenous People,® ILO Conventions 107
and 169,° the Machu Picchu Declaration on Democracy,” Agenda 21% and
the Andean Charter for the Promotion and Protection of Human Rights of
2002.° In addition, in the Inter-American System, the American Convention
on Human Rights' and the work of the Inter-American Court of Human
Rights' should be noted.

As a concrete example, there has also been an evolution towards
the protection of the environment as natural heritage. For example, the
Convention on Biological Diversity (CBD, 1992) focuses its attention on
indigenous peoples in order to protect their interests in biological resources
aiming to consecrate a sustainable use of traditional lifestyles to biological
diversity and encourage the equitable sharing of the benefits arising from

! Signed June 26, 1945 in San Francisco, entering into force in October of the same year, signed
by Chile in 1945 as a founding member.

2 Adopted December 10, 1948 in Paris, France, with Chile voting in favor.

* Covenant adopted by the UN General Assembly on December 16, 1996 and signed by Chile
on the same date.

* Promulgated by the UN General Assembly on December 19, 1966 and signed by Chile on
September 16, 1969.

> Adopted in New York on September 13, 2007, with Chile voting in favor.

¢ Convention of 1989, ratified by Chile in 2008.

7 Passed on July 29, 2001, in the presence of the presidents of Argentina, Brazil, Chile, Costa
Rica, Panama, Paraguay, the Dominican Republic, Uruguay, the Prince of Asturias and the
Secretary General of the Andean Community; non-binding.

% Enacted during the United Nations Conference on Environment and Development in 1992,
and signed by Chile during the conference.

 Adopted by the Andean Presidential Council in Guayaquil, Ecuador, on July 26,2002, without
the participation of Chile; non-binding.

10 Also called the ‘Pact of San José,” promulgated by Decree 873 on January 5, 1991.

" Created by the OAS in 1959, convening for the first time in 1960.
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the utilization of such knowledge (CBD S. 8 ]). Also relevant is the adoption
of the AKWE KON guidelines regarding water in 2000.2 These are voluntary
guidelines for the execution of cultural, environmental and social impact
assessments regarding developments proposed to take place on, or which
are likely to impact, sacred sites and lands and waters traditionally occupied
or used by indigenous and local communities.”® In Chile these consultation
processes are in a primitive state, very unfortunately they are neither
binding, not fully transparent.'

Sources of Ancestral Indigenous Rights

Self-determination in the case of indigenous peoples requires the recognition
of collective rights, the existence of alternative legalities and a general
political space in which to make decisions. For example, in reference to
ancestral indigenous rights, or indigenous title, we can identify at least
three possible sources of legitimacy (Aguilar Cavallo, 2005):

(A) Legal recognition of the indigenous people by the state in which their
territory is located. Indigenous peoples as a unified legal category have
never been recognized in any of the previous Chilean constitutions.
In fact, the Chilean state was formed in 1810 under the premise of
excluding those who inhabited the country prior to the conquest by
the Spanish Empire.

(B) Recognition of treaties between colonizers or states and indigenous
peoples. The Spanish Empire signed treaties with indigenous peoples,
though they were not regarded as independent nations in their
relationship with the Spanish Empire. Moreover, authors like Bartolomé
Clavero (Clavero, 2008) have argued for the renewed binding value of
past treaties between states and indigenous peoples. Shortly after Chile
achieved independence from Spain, the new republic was recognized
by the Mapuche nation through the Treaty of Tapihue (1825).

(C) Recognition of indigenous people’s legal rules, mostly through
customary laws. The paradigm of uniform rights gradually started
shifting in the 1990s. Many Latin American countries, Chile among
them, started taking legal and political measures to recognize
indigenous rights as they were transitioning to democratic regimes
(Molina and Yatiez, 2008).

2Decree 1963, published in the Official Gazette on May 16, 1995, ratified the Convention on
Biological Diversity in Chile.

13 The Akwe Kon guidelines, online: https://www.cbd.int/doc/publications/akwe-brochure-
en.pdf.

* Information about the consultation process on areas of biodiversity protection can be found
here: consultaindigena.mma.gob.cl.
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Characteristics of Ancestral Indigenous Rights in
International Law

Ancestral indigenous rights have some common characteristics in the
recognition granted by international human rights law:

(A) Collective character: The communal nature of life in various groups,
who share not only a common space but also a way of life, involves a
close relationship with the collective and the land. This is addressed
by Article 13 of ILO Convention 169, which states that governments
shall respect the “special importance for the cultures and spiritual
values of the peoples concerned of their relationship with the lands
or territories, or both as applicable, which they occupy or otherwise
use, and in particular the collective aspects of this relationship.” It
is also recognized in various rulings by the Inter-American Court
of Human Rights,'> which has been consistent on the protection of
collective rights, ruling that the concepts of property and possession
inindigenous communities can have a collective meaning, in the sense
that land ownership “is not centered on an individual but rather on
the group and its community” and that “both the private property of
individuals and communal property of the members of the indigenous
communities are protected by Article 21 of the American Convention.”*®
With an evolutionary interpretation particular to human rights treaties,
and in accordance with the provisions of Article 29 of the Convention,
the court indicated that the right to collective property falls within the
assumptions of Article 21 of the American Convention, since “failing
to recognize specific versions of the right to use and enjoyment of
property that emanate from the culture, practices, customs and beliefs
of each people would be equivalent to maintaining that there is only
one way of using and enjoying property and this, in turn, would make
the protection granted by Article 21 of the Convention meaningless
for millions of individuals.”"”

5 Case of the Sawhoyamaxa Indigenous Community v. Paraguay. Merits, Reparations and
Costs. Judgment of March 29, 2006. Series C No. 146, para. 119 and Case of the Yakye Axa
Indigenous Community v. Paraguay. Merits, Reparations and Costs. Judgment of June 17,
2005. Series C No. 125, para. 136.

16 Case of the Yakye Axa Indigenous Community v. Paraguay. Merits, Reparations and Costs.
Judgment of June 17, 2005. Series C No. 125, para. 143; Case of the Kuna Indigenous People
of Madungandi and Embera Indigenous People of Bayano and Their Members v. Panama.
Judgment of October 14, 2014. Series C No. 284, p. 79; Case of the Mayagna (Sumo) Awas
Tingni Indigenous Community v. Nicaragua, para. 148; and Case of the Xakmok Kasek
Indigenous Community v. Paraguay, para. 85.

17 Case of the Sawhoyamaxa Indigenous Community v. Paraguay, para. 120, and Case of the
Xakmok Kasek Indigenous Community v. Paraguay, para. 87.
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(B) Exercise over a broad physical space: This refers not only to land
but instead a broad concept of territory or environment, along with
the resources found within it. Article 13.1 of ILO Convention 169
recognizes the “special importance for the cultures and spiritual
values of the peoples concerned of their relationship with the lands
or territories,” acknowledging the worldview of the communities;
it defines indigenous territories as covering the “total environment
of the areas which the peoples concerned occupy or otherwise use.”
Article 14 establishes the obligation, in appropriate cases, to take
measures to “safeguard the right of the peoples concerned to use
lands not exclusively occupied by them, but to which they have
traditionally had access for their subsistence and traditional activities,”
broadening the concept of land usually recognized by legislation. In
this regard, the Inter-American Court has resolved that the protection
of natural resources falls within the protection of the right to property
established in Article 21 of the American Convention. Article 27 of the
International Covenant on Civil and Political Rights establishes, in a
similar manner, the right of persons belonging to ethnic, religious or
linguistic minorities to enjoy their own culture in community with
other members of their group. The United Nations Declaration of 2007
states that indigenous peoples have the right to “own, use, develop
and control the lands, territories and resources that they possess by
reason of traditional ownership or other traditional occupation or use,
as well as those which they have otherwise acquired.”®

(C) Historical and immemorial title: This refers to the customs of
indigenous peoples, behaviors repeated by the majority of the
community over time with the conviction that doing so is obligatory.
This customary law, consists of standards developed and transmitted
orally that change according to the evolution of the imperative values
in each indigenous community. Thus, from a dynamic perspective
of identity and ethnicity, it is incorrect to refer to ancestral customs;
instead, it is necessary to analyze the modern customs of indigenous
people (Aravena, 2000). We disagree with the previous statement, since
customary norms are amenable to adapting to practices recognized as
binding by the particular community and are called ancestral because
they are customs that have long been maintained in the community.
Article 8 of ILO Convention 169 states that these norms must be taken
into consideration when applying remaining national laws. What is

8 United Nations Declaration on the Rights of Indigenous Peoples, Article 26.2.
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necessary to affirm is that the recognition of the cultural pre-existence
of indigenous peoples also assumes acceptance of their law as a cultural
product. The main consequence of ancestral indigenous law being an
immemorial title is its unrecorded nature, since it is founded in the uses
and customs that indigenous people have practised on their land since
ancestral times, including the pre-Columbian era. For this reason, the
Inter-American Court of Human Rights pronounced in August 2001,
in Mayagna (Sumo) Awas Tingni Community v. Nicaragua, “Indigenous
peoples’ customary law must be especially taken into account for the
purpose of this analysis. As a result of customary practices, possession
of the land should suffice for indigenous communities lacking real title
to property of the land to obtain official recognition of that property,
and for consequent registration,” a position that has been reaffirmed in
subsequent rulings, in which, following its line of reasoning, the court
has stated, (1) “traditional possession of their lands by indigenous
peoples has equivalent effects to those of a state-granted full property
title,” (2) “traditional possession entitles indigenous people to demand
official recognition and registration of property title” and (3) that the
state must “delimit, demarcate and grant collective title over lands”
to members of indigenous communities."”

Particularities of the Ancestral Rights of Andean
Indigenous Peoples

Colonized people are forced to act within a frame; therefore, the proposal
here is to look to indigenous knowledge as a source to articulate a new
model of society. With specific regard to water, the Andean region presents
a distinctive irrigation system that brought together people and their
attachment to the land and water resources in a decentralized institutional
framework (Boelens et al., 2009). It is important to research available
information regarding indigenous legal traditions because, as pointed out
by Yrigoyen (2004), “the colonial reality put the native peoples in a condition
of political subordination, economic exploitation and cultural devaluation.”

1 Case of the Moiwana Community v. Suriname. Preliminary Objections, Merits, Reparations
and Costs. Judgment of June 15, 2005. Series C No. 124, para. 209; Case of the Mayagna
(Sumo) Awas Tingni Community v. Nicaragua, para. 151 and 153; Case of the Xakmok Kések
Indigenous Community v. Paraguay. Merits, Reparations and Costs. Judgment of August 24,
2010. Series C No. 214, para. 109; and Case of the Kuna Indigenous People of Madungandi
and Emberé Indigenous People of Bayano and Their Members v. Panama. Judgment of
October 14, 2014. Series C No. 284, p. 40.
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If we research the normative system prior to the arrival of the Spanish
Empire, we discover that the Aymara people’s development was possible
through a system of irrigation channels for agricultural use that descended
from the Andes. Due to its vital role in their lives, water played a part in most
ceremonies and rituals in addition to being a vital element for agriculture
and human survival. On the other hand, the Atacamefio people have
inhabited the driest desert in the world, the Atacama Desert, since 9000 BC
(Gonzalez, 2005). They also developed highly complex irrigation systems
through floods that allowed them to cultivate in areas called ayllus. The
population settled in the ayllus, developing art offerings for their ancestors
at local cemeteries (Mamani, 2005).

Authors have highlighted the level of sustainable development in terms
of water resources achieved by Andean indigenous peoples as custodians
of a hydraulic culture of surprising technology, with water as one of the
foundations of their existence and culture (Cuadra, 2000). Itis even asserted
that in no other part of the world has such importance been placed on water,
nor has it been so successfully used for extractive and ritual purposes since
before the arrival of the Spanish conquistadors (Gentes 2001, 2002 and 2004).

Constitutional and Legal Situation of Ancestral Water
Rights in Chile

The 1980 Constitution and the 1981 Water Code created a water market
system. Some authors have realized that the neoliberal water modernity
project does not allow plurality of water systems or management modes
(Boelens, 2009). There is a more progressive interpretation of the 1980
Constitution under which ancestral rights over water of indigenous peoples
in Chile is constitutionally guaranteed. Indeed, the founding document
establishes in Article 19, section 24, paragraph 11 that “rights of private
citizens over waters, recognized or created in conformity with the law, shall grant
proprietorship to the owners thereof.” From this rule, it is inferred that the rights
of private citizens over waters can have various origins, those granted by
an act of concession by authority and those recognized in accordance with
immemorial or ancestral use that involves the existence of an indigenous
custom that complies with the parameters described earlier: collective,
exercised in a broad territorial space and through which an indigenous
title can be adduced (Atria and Salgado, 2016). That said, within these
‘recognized’ rights for authors such as Vergara Blanco (1998) are:

(a) Customary uses such as those recognized in D.L. 2.603 of 1979.

(b) Minimum or limited uses of sources such domestic wells, springs that
originate, flow and terminate within the same property, minor lakes
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and water found during minding work.* According to the author,
there are also other old rights recognized by current law:

(1) Those accorded to agricultural communities.?'

(2) Rights acquired by prescription.

(3) Those accorded to Andean indigenous communities by Article 64 of
Law 19.253 of 1993 on the Protection, Promotion and Development
of Indigenous People.

The importance of these customs being recognized as rights over
watersheds associated with the constitutional protection they enjoy, which
is enshrined in Article 19, section 24, paragraph 11.

The doctrine in Chile, proposed by Daniela Bravo (Rivera Bravo, 2013)
in her work on customary water uses and rights, among others, concludes
that they have not been sufficiently studied in the case of ancestral uses of
indigenous waters. The author understands ‘recognized’ rights as those
protected by legislation, even if they originated under old regulatory
systems and regardless of whether they are registered (Rivera Bravo, 2013).

The Water Code of 1981 aimed to record every ‘transaction’ carried out
regarding rights over water, beginning, of course, with its constitution. The
granting of use rights is done through concessions issued by the General
Water Directorate (hereafter DGA) or in exceptional cases by the president.
The procedure is strictly regulated by the Water Code® and complemented,
in matters not covered, by Law 19.880, which establishes the foundations of
administrative procedures. The authority cannot refuse to grant rights such
that if all legal requirements are fulfilled it must issue the administrative
act, which in turn will be recorded as a public document and registered in
the appropriate Water Registry of the Real Estate Registrar and in the Public
Registry of Water Use Rights of the Public Water Registry (hereafter CPA,
for its acronym in Spanish) administered by the DGA.**

Despite the establishment of the administrative registration process, a
significant number of users have continued making use of water without

2 Article 20, subsection 2 of the Water Code: “With the exception of use rights over water
corresponding to springs that originate, flow and terminate within the same property as well
as water of lakes not navigable by vessels of more than 100 tons, small lakes and swamps
located within one property and that over which use rights created in favor of third parties
are not registered as of the effective date of this Code. The ownership of these use rights
beings, by the mere operation of the law, to the riparian landowner.”

2 Article 54 bis D.EL. 5 of 1968.

2 Article 310 3 of the Water Code of 1981.

2 Article 140 et seq. of the Water Code of 1981.

# Article 150 of the Water Code of 1981.
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any registration, a situation which various title clearing or regularization
systems established in the transitory articles of the Water Code are intended
to remedy. A clear example is found in one of the main water consumer
categories in our country, agricultural irrigators, who usually form
associations to distribute water on the basis of time/fees, with this system
creating true feelings of ownership (Sandoval, 2015). In these situations,
the law has had to adapt to reality and either grant them legitimacy or risk
becoming a dead letter. Our law has not been oblivious to this reality, as
shown by D.L. 2.603 of 1979, which explicitly recognizes the user of the
land as the holder of water rights.”

In addition, when these rights are ‘recognized,” the jurisdictional act
that clears them has the characteristic of being a deed of declaration, that
is, one that is limited to establishing a pre-existing situation, which entails
certain determinant considerations regarding the water distribution system,
as Vergara Blanco (1998) reminds us: the distribution of water is subject
to its origin, in this case the use of the person claiming the right; thus, the
characteristics of the water right will be limited to establishing the prior
effective use.

The Water Code of 1981 has undergone numerous reforms, the most
important of which occurred in 2005 with Law 20.017, which again
recognized customary uses, in this case of groundwater, in Transitory Article
4,% granting a period of six months in which to make recognition requests,
which was subsequently extended to one year by Law 20.099. In addition,
already in 1992 Law 19.145 had been enacted, which modified the Water
Code to limit groundwater exploitation and exploration in aquifers that
feed meadows and bofedales (high-altitude peatlands) in northern Chile.
Thus, recognizing the existence of saturated or special protection areas,
Law 20.411, promulgated on December 29, 2009, banned the creation of
rights in determined areas, a prohibition that did not extend to indigenous
people or indigenous communities that fulfill the requirements of Transitory
Article 5 of Law 20.017.

» Article 7: “The use right holder will be presumed to be the owner of the property who is
currently using said rights. In the event that the preceding regulation is not applicable, the use
right holder will be presumed to be the person currently effectively making use of the water.”

% Article 4: “The General Water Directorate will allocate permanent water use rights over
groundwater with flows of up to two liters per second from the First to Metropolitan
regions, both included, and up to four liters per second in the remaining regions for wells
that were built before June 30, 2004. Requests must be presented no more than six months
after the effective date of the present law.” Subsection 2 of the same article states that “The
regularization indicated in this article shall not be a requirement for the use of groundwater as
indicated in the first subsection of Article 56 of the Water Code.” Article 56 refers to drinking

T 4

water and other domestic uses on one’s “own land.”
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In addition, Article 6 of Law 20.017 of 2005 aimed to facilitate the
regularization of water intended to supply the population in rural areas
through the rural drinking water system by establishing a series of
requirements. For the purposes of the creation of the respective use right
in the name of the Rural Drinking Water Committee, records must be
presented that prove ownership of the property in the name of the respective
committee or the authorization of its owner, requirements not imposed on
indigenous communities.”” This public policy of prohibiting the creation
of new water use rights in determined areas—except for ‘disadvantaged’
groups—was debated and declared constitutional by the Constitutional
Court in Case 2512-2013,% as it was considered possible to establish
differences in access to water resources on the basis of public interest.

These regulations demonstrate the importance that, even today, more
than three decades after the passage of the Water Code, is placed on the
uses and customs of water by users. In addition, the modifications of the
requirements involving indigenous people or communities shows the
existing consensus regarding heightening the level of protection of their
rights as a way of restoring part of their autonomy and quality of life, which
had been diminished by third party acquisition of rights to the waters of
their natural environments (Ramirez and Yepes, 2011). These regulations
decreed by Law 20.017 of 2005 were extended to the entire indigenous
population of the country regardless of their geographical area, even though
the regulation mentioned in Article 64 of Law 19.253 was limited to the
Andean zone, that is, the XV, I, II and III regions.

Among the proposals presented in the current draft that discusses
modifications to the water system, it has been proposed to add to the Water
Code an Article 4 bis that decrees: “Water is a national good of public use. Thus,
its ownership and use belong to all the inhabitants of the nation. Water has, among
others, environmental, survival, ethnic, productive, scenic, landscape, social and
land use planning functions. It is the duty of the State to guarantee all inhabitants
access to the functions stated in the previous subsection.”*

If approved, this law would recognize the ethnic dimension of water,
and once again open the discussion on the level of protection that it should
be granted. Yafez (2010) criticized the project of law (Bulletin 7543-12)
because the draft does not pronounce on communities’” ancestral uses of

7 Article 6 of Law 20.017.

2 Constitutional Court, Alcalde Villalén, Julia, v. DGA (2013), cons. 2.

¥ Proposal presented in Bulletin 7543-12 on March 17, 2011. Available at: https:/ /www.camara.
cl/pley/pley_detalle.aspx?prmID=7936. [Date consulted: February 19, 2016].
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water (as they are not included in the list of ‘priority uses’), nor does it
extend the special protection set forth in Article 64 of Law 19.253 to the
other ethnic groups in our country.*

Under the idea of recognizing indigenous customary law, the current
Water Code reform neither includes ancestral waters within those that take
precedence for ‘clearing’ nor considers the creation of an administrative
process that is adapted to the indigenous vision of natural resource
administration, without imposing criteria unfamiliar to their culture to
prove ancestral uses. In addition, the draft seeks to redesign the legal nature
of the water use right, granting it a temporary character,”® which would
allow the state to allocate sufficient water to protect human consumption
and other essential local development, environmental and territorial
uses; however, the proposal neither modifies nor regulates the currently
established neoliberal system, the water market, which would impede
allocation to the non-competitive sectors of the country. It represents a
partial advance in that the system is attenuated, although not substantially
modified.

Rights Accorded to Andean Indigenous Communities

There is a special protection over indigenous water rights in Law 19.253
in Title VIII, paragraph 2, which establishes “particular complementary
dispositions for the Aymaras, Atacamefios and other indigenous
communities of the north of the country.” The institutions and mechanisms
in place to meet this objective are specified between Articles 62 and 65. It
begins by establishing to whom these dispositions apply, understanding that
Aymaras are the indigenous people who belong to Andean communities
located mainly in the I Region (currently the XV Region of Arica-Parinacota
and Tarapacd) and Atacamefios are the indigenous people who belong to
communities located mainly in towns of the interior of the Il Region, as well
as, in both cases, the indigenous people originally from these communities.
Article 62 ends by stating that the dispositions shall apply to other Andean
communities such as the Quechuas and Collas, including the Diaguitas.*

¥Yénez [Date consulted: February 19, 2016].

3 Article 5 bis 2, proposed in Bulletin 1543-12: “For the fulfillment of the provisions in the
previous article, the General Water Directorate may create water reserves over natural
sources of water.

Regarding said reserves, the Directorate may grant private citizens temporary use concessions
for the development of the functions indicated in the second subsection of Article 4 bis.”

# Law 20.117 promulgated on September 8, 2006.
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It is Article 64 that recognizes ancestral rights of communities over the
water located in their territories.”® In this way, the legal right of Andean
communities to certain waters is configured, recognizing the ancestral use
of water resources, the legal basis of which is indigenous customary law
(Aylwin et al., 2013). Thus, the law recognizes a de facto situation whose
foundation lies in the fact that indigenous peoples have used waters
belonging to said spaces since pre-colonial times, be it for human or animal
use or irrigation, making clear that the right exists because it is recognized
by law, even though it is not recorded in the corresponding registry for
purposes of certainty.

Another element is the concept of ‘community lands’ used in Article 64,
which, with an eye toward protection, cannot be reduced to the existence
of a title of ownership; this concept was inspired by ILO Convention 169,
fully applicable in our country since September 2009.3 Accordingly, PartII,
“Land,” leads us to an interpretation of the concept that includes lands that
are not exclusively occupied by indigenous peoples, but to which they have
traditionally had access for their survival and traditional activities. In Article
13.2, itindicates that the term ‘lands’ “shall include the concept of territories,
which covers the total environment of the areas which the peoples concerned
occupy or otherwise use,” a directive that the Supreme Court has supported
in various rulings, entirely protecting the heart of indigenous society.*”
This notwithstanding, we are obligated to mention that these precepts fall
within those considered ‘not self-executing’ by the constitutional court,*

3 Art. 64: “The waters of the Aymara and Atacama communities shall be especially protected.
Water located within community lands, such as rivers, canals, irrigation ditches and springs,
shall be considered property and community use assets, without prejudice to rights registered
by third parties pursuant to the General Water Code. No new water rights over lakes, ponds,
springs rivers and other aquifers that supply the water of the various indigenous communities
established by this law will be granted without previously guaranteeing the normal supply
of water to the affected communities.”

* Decree 236 of the Ministry of Foreign Affairs, published in the Official Gazette on October
14, 2008.

% Francisca Linconao v. Forestal Palermo (2009) and Alejandro Papic Dominguez v. Aymara
Chusmiza and Usmagama Indigenous Community (2009).

*The Constitutional Court has held that these precepts fall within the provisions of the
convention that are not self-executing, Case 309 of 2000: “The court states that said
disposition imposes on the State the obligation to recognize the possession and property
rights of ‘interested peoples’ over ‘the lands that they have traditionally occupied,” but also
with respect to real estate belonging to non-indigenous third parties that said peoples are
interested in using. The foregoing, inasmuch as no. 2 imposes said obligation regarding
lands that ‘the interested peoples have traditionally occupied.” In addition, Article 13 no.
2 of the Convention considerably broadens the concept of ‘lands.” From the foregoing it is
concluded that the State assumes the obligation of expropriating lands at the request of a
collective entity and for its own benefit, which in the judgment of the petitioner violates the
conceptual framework of expropriation in Chile. Thus, Article 14 violates Article 19, no. 24,
second and third subsections, of the Constitution.”
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since in its judgment, brooding the concept of community lands implies
that the state assumes the obligation to expropriate lands at the request
of a collective entity for its own benefit, which violates the conceptual
framework of expropriation in Chile, an interpretation that strikes us as
excessive since what is sought is not expropriation based on the claims of
indigenous people but rather full recognition of their rights and perhaps a
right to pass through or use temporarily those lands.

This proves especially relevant in terms of water, since we cannot avoid
the fact that due to the nature of the resource it commonly flows through
various territories, which may or may not be registered in the name of the
indigenous community. The ruling of November 25, 2009 on Case 2840-
2008 handed down by the Supreme Court proves illuminating in this sense,
as it affirms that there is “no doubt that the recognition of rights that Article
64 makes in favor of the Aymara and Atacamefio communities refers not only to
water located in properties registered to the community, but also to water that,
although located on property registered to third parties, supplies the indigenous
collective, since what this requlation attempts to protect is, essentially, the water
supply of said indigenous communities, which is achieved only by the application
of the rule under consideration in the way that is has been understood by lower
court judges, which this court shares. With this interpretation that guarantees the
water supply of the indigenous communities in question, the objectives expressed
in the Presidential Message that inspired the current Indigenous Law are met....”
With this ruling, the court had in mind the purpose of the law, which is to
supply the communities in order to foster their repopulation, a situation
made difficult by the water scarcity that has led indigenous people to
move to cities in order to improve their quality of life. The aforementioned
‘community lands’ precept also includes a restriction on the recognition
of ancestral rights, understanding that regularization should encompass
community uses and not those of private individuals, even if they belong
to one of the mentioned ethnic groups, which is reinforced by Transitory
Article 3 of 19.253 and a factual argument stemming from the custom on
which the law is founded: Andean indigenous peoples have traditionally
been organized as communities, making collective use of resources as
seen in activities such as ceremonies, shepherding and their particular
agricultural activity.

Law 19.253, to ensure the ownership of ethnic groups over ancestral
waters, decrees that the water rights of the communities are without
prejudice to rights that third parties have registered in accordance with the
Water Code, that is, even when these third parties have registered water
use rights pursuant to legal regulations, the resource is not prevented from
remaining the property of the community, which has proved essential
in times of conflict, when third parties, in accordance with the law, have
subsequently registered rights over water over which indigenous peoples
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have ancestral rights. Thus has been the case with various emblematic
rulings in our country that have established the foundations of the issue.
The Supreme Court ruled in this way in Case 2840-2008 of November
25, 2009, Alejandro Papic Dominguez v. Aymara Chusmiza and Usmagama
Indigenous Community, confirming the ruling of the Iquique Court of Appeals
by finding in favor of the Aymara-Atacamefio Community, recognizing
their use rights over the water of the spring known as the Socavén de
Chusmiza on the basis of the presumption of Article 64 of Law 19.253 and
dismissing the claims brought by Alejandro Papic Dominguez on behalf
of Agua Mineral Chusmiza S.A.I.C. The court stated that “the appealed
judgment has been limited to regularizing pre-existing rights upon verifying that
the water claimed by the indigenous community has been used by it in the terms
established in the second subsection of Transitory Article 2 of the Water Code,
customary rights that, furthermore, precede those of the plaintiff company. In
this case new administrative rights are not being granted; rather, the use of water
resources since time immemorial, reflected by positive acts of possession such as the
construction of the adit from which the water emanates, storage ponds, the canal,
the farming terraces and the human settlement itself as reflected by the modest
houses that constitute the two villages of Chusmiza and Usmagama, is being
judicially recognized. The purpose of the procedure used is that once the customary
use is recognized, it be considered a right, which, once reqularized, can be entered
in the corresponding national state registry, which will allow the survival of the
indigenous community on its ancestral land, reasons for which the appeal under
consideration is dismissed.”’

In this same regard, and even more relevant for being the first finding in
favor of ancestral indigenous ownership over water, was the ruling handed
down on March 22, 2004, in Case 986-2003, which confirmed the findings
of the Antofagasta Court of Appeals. The court recognized the rights of
the Toconce Atacamefio community on the basis of their use since time
immemorial, noting that it was sought only to normalize and not create
the right, as it emanated from the law, and therefore rejected the appeal
of ESSAN S.A., Empresa de Servicios Sanitarios de Antofagasta, in whose
name the water use rights in dispute were registered. “In consequence, the
court cannot but conclude that the process of the often-cited Transitory Article 2
of the Water Code allows the reqularization but not the creation of rights, since
those that are normalized existed previously and their possession is not in dispute,
since they emanate from the law. It is a procedural requlation that aims to requlate
the manner of registration of a right that, as occurs in this case, is not registered,
but legally recognized. To achieve reqularization, it is important to determine, in

¥ Case Popic Dominguez vs. Aymara Chusmiza and Usmagama indigenous community (2009)
Supreme Court ROL 2840-2008.
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the relevant processing stage, if the petition fulfills the requirements indicated in
said regulation and if the claimed flow is effectively used in the manner and terms
set forth by the legislature.”%

In this sense the court confirms the purport of the regulation,
understanding that the legislature is not creating rights but rather
recognizing a pre-existing situation founded in ancestral use; in other words,
it stems from indigenous customary law, and therefore precedes any other
subsequently created title or right over water.

The second subsection of Article 64 establishes that no new rights will
be granted over lakes, ponds, springs, rivers and other aquifers that supply
the water possessed by indigenous communities without first guaranteeing
the normal supply of water to the communities. It is a sort of positive
discrimination that aims to secure the community’s supply, producing a
true freeze on new rights. The same law is responsible for establishing the
institutions that must work on the special protection enacted in Article 64 of
the indigenous law; transitory Article 3 indicates that CONADI and the DGA
will sign an agreement for the protection, creation and re-establishment of
water rights of ancestral property of the communities of the north of the
country. This is without prejudice to the fund decreed in the same law in
Article 20, which is dedicated to “creation, regularization or purchase of
water rights” of all indigenous communities of the country, prohibiting
their transfer for 25 years after their registration.

In our domestic law there is much tension between individual private
property rights and the recognition of the ancestral rights of indigenous
communities; however, as an exception, the law expressly recognizes the
ancestral property of indigenous peoples with regard to rights of recognition
of the waters of the Aymara and Atacamefio communities and other ethnic
groups of the Andean region, as justified, in accordance with parliamentary
discussion, by the water scarcity in the area. This can be read in the text
of Transitory Article 3 of the indigenous law: “Likewise, the Corporation
and the General Water Directorate will establish an agreement for the protection,
creation and reestablishment of water rights of ancestral property of the Aymara
and Atacamerio communities pursuant to Article 64 of this law.”

3 “The government is concerned about the situation of the communities of the Norte Grande of the
country that are affected by the dispute over water resources. It believes it to be of great importance
that this law, along with the modifications to the Water Code that have been presented to Congress,
requlate these resources in a manner that allows human life to continue in the towns and villages of
the North of the country. It believes that it would be a grave mistake for the population of the North
to be concentrated only in three large coastal cities, with the interior abandoned as a consequence of
faulty planning regarding the water resources that are fundamental for the development of human
life.” History of the legislative process of the Indigenous Act Law 19253 (1993) Toconce
Atacamefio Community vs. ESSAN SA (2004) Supreme Court ROL 986-03.
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For its part, Article 64 of Law 19.253 does the same and understands
water as an asset of use and community property, dispositions that defend
the legitimacy of customary uses as sources of water rights for northern
communities, stemming their subordination before national law, even
against rights that are conceded to private citizens by an act of authority.

Characteristics of the Ancestral Rights Accorded to Andean
Communities

The characteristics of ancestral rights are not specifically indicated, with
the laws providing generic guidelines that indicate the elements to be
considered when establishing ancestral indigenous ownership. In the
examination of these elements we rely on the anthropological study of
Cuadra (2000), who indicates that the existing regulations contain the
descriptions necessary to recognize ancestral ownership of water:

(A) Geographical area: In defining who is understood as Aymaras and
Atacamenos, Article 62 of the indigenous law includes the regional element
as a central part of their identity, stating that “Aymaras are the indigenous
people who belong to Andean communities located mainly in the I Region
and Atacamefios are the indigenous people who belong to communities
located mainly in the towns of the interior of the II Region.” Here we
include the XV Region of Arica and Parinacota, giving us the territorial
limits we must adhere to when establishing ancestral ownership. This
territorial division of the 1970s could obviously be objected to, but as that
topic exceeds the scope of this chapter and those territories effectively
correspond to those in which the Andean communities have typically
resided, we will not address it. Second, we have the territorial element
presented by Article 64 of Law 19.253, which indicates that rights over
water located “in community lands” will be recognized, a declaration that
has led to dilemmas between private citizens and communities, especially
regarding its scope in accordance with international treaties.

(B) Customary use: The law has expressly recognized ancestral property
rights, in this case based on uses and customs dating to the distant past,
which spring from the practices of indigenous peoples carried out in
accordance with their enduring worldview, their relationship with the
community, Pachamama, religious rites, etc. The assumption is thus that
there is no granted title of ownership as such, since the basis of possession
comes from indigenous customary laws, but that this lack of registration
does not prevent the title of the communities over the waters, understanding
thatitis “without prejudice” to the rights that third parties have registered
in accordance with the Water Code, such that the source is practice and the
eventual declaration is meant only to achieve registration.
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(C) Community use: The basis of communal water use comes from the
purport of the law granting ancestral water rights to the Aymara and
Atacamefio ‘communities’; thus, what is sought is protection of the waters
that supply or serve the purposes of the collective and not the interests
of individual irrigators, even if they belong to these ethnic groups. It
merely recognizes the reality of indigenous peoples, who conceive of
community progress as part of their identity, along with the incompatibility
of privatizing natural resources. In the case of water, common use for
shepherding and agriculture is the norm.

There are some coincidences between the essential characteristics of
indigenous title in international laws and the rulings of the Inter-American
Court of Human Rights and the rights accorded by our legislation regarding
ancestral indigenous title over the waters of the Aymaras, Atacamefios and
other Andean communities. The main coincidence is the protective duty
of the state, including with respect to territory, the element that has been
most disputed but nonetheless recognized in accordance with international
treaties in force in domestic jurisdiction.

The response to the question of whether ancestral waters are protected
in Chile is affirmative in the legal sphere, although with important
limitations. They are recognized as assets of use and community property
integrated into the private concept of property and the use rights recognized
in the Water Code of 1981, and indigenous peoples” own system of internal
administration of commons, interpreted as part of their worldview, is not
acknowledged. In a recent fieldwork done by Amaya Alvez in September
2015 with Aymara people in Putre, we were struck by how customary water
models survive to this day in a subtle way, including rules for dividing the
water between community members, deciding when someone broke the
water governance rules and determining how to punish that member of
the community.

Furthermore, protection of waters and recognition by virtue of
ancestral use favors only Andean ethnic groups, going beyond the concept
of ‘territory” applied in the international system and benefitting only the
communities that belong to the I, II, IIl and XV regions, excluding more
than 80% of the indigenous population of the country, which belongs to
other ethnic groups, without any substantial justification. Both legally and
factually they fulfill the requirements of common, historical and immemorial
use, but do not live amid water scarcity, a factor that in international
standards is not a determining requirement for ancestral recognition. Even
when an ethnic group does live amid water scarcity, as do the Rapa Nui
people, protection of ancestral waters is not extended (Oyaztin et al., 2011;
Gaete, 2012; Zelada, 2013).
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Praxis regarding Regularization of Ancestral Rights over
Community Waters

Part of the matter that this investigation aims to address is related to
indigenous practice regarding water resources and the manner in which it
is transformed by the legislature’s regulation of it. As previously detailed,
there is no special procedure instituted by law that focuses on the recognition
of water use rights of indigenous communities on the basis of their ancestral
use. Today, following administrative practice, the regulations of the Water
Code directed at the “regularization” of use rights of water that is being used
by people other than its owners, unregistered rights and those applying to
water extracted for personal use from a natural source, that is, according
to Transitory Article 2 of the Water Code, are applied by analogy.

The legislation provides for a series of obligations toward communities,
among which are the execution of agreements® aimed at the creation and
re-establishment of rights to ancestral water in the terms of Article 64 of
Law 19.253. When this law originally came into force, the lawyers that
brought the first proceedings knew that what was sought was precisely
judicial recognition of these rights and not an administrative concession.
However, they assumed that among the existing formal procedural rules
that applied to use and possession and in general came from an acquisitive
prescription of rights was that decreed in Transitory Article 2 of the Water
Code (to ‘regularize’ rights) and made this situation equivalent to that of
the indigenous peoples (Cuadra, 2000).

Most of the national doctrine—especially after the ruling on the case of
Toconce v. ESSAN, which demonstrated that regarding the right to ancestral
property claimed by the community, this procedure from Transitory
Article 2 does not regularize but rather creates rights, with the court having
only to establish the content and characteristics of the water right—has
not questioned the use of this procedure (Yafiez and Molina, 2011). Rivera
(2013), in any case, has highlighted the need to discuss if it is necessary
and appropriate for indigenous communities to have to ‘regularize’ their
right (which is legal) in accordance with Transitory Article 2 and explains
that it would be sufficient to initiate a declaratory action to have the court
declare and specify the ancestral water rights recognized. Rivera recognizes,
however, that the usual practice by the Chilean judiciary is to employ the
aforementioned process.

¥ Transitory Article 3, subsection 2 of Law 19.253: “Likewise, the Corporation and the General
Water Directorate will establish an agreement for the protection, creation and reestablishment
of water rights of ancestral property of the Aymara and Atacamefio communities pursuant
to Article 64 of this law.”
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This investigation, while framed within this same line, not only
demonstrates that it is incorrect to apply this regularization process from
a formal point of view, but also that it gives rise to a series of practical
difficulties regarding the collectivist vision that indigenous peoples have
of natural resources, which are incoherently remedied.

Public policy developed since 1993, despite intentions, has denied
recognition to the alternative legality of indigenous peoples and instead
has stipulated “adaptation” to Transitory Article 2. Thus, for example,
with respect to the Atacamefio people, petitions for recognition must to
be collective, which has been solved by filing them through indigenous
associations; in addition, the communities’ sources of water must comprise
all of the sources used by the respective community, with the formation of
different associations per channel absolutely prohibited. Another obstacle
is that in the worldview of the Atacamefios ancestral rights over water
extending from the source of each river or spring to all of the land through
which the water flows. This is inconsistent with the existing legal system
that separates land from water, which claimants attempted to overcome by
requesting the greatest possible flow (Cuadra, 2000). This is partially based
on a model that does not allow a different logic regarding water rights
and natural resources, one in harmony with an indigenous worldview.
Indigenous peoples, in order to not see their rights, in this case regarding
water, even further diminished, have had to adapt to the imposed processes
that do not correspond to their collective vision of natural resources and
which have attempted to absorb their communities’ internal administration
of water into non-indigenous institutions.

The clearing process imposed on indigenous peoples subjects them to
requirements and therefore tests that directly correspond to neither their
worldview nor the elements that make up their water-related ancestral
customs. In addition, it opens the door for third parties with claims to the
water to oppose the regularization because it does not meet the demands
of Transitory Article 2 of the Water Code of 1981, which are not provided
for by the indigenous law in any of its dispositions, broadening the right
enshrined in a specific through a general law that is not in line with the spirit
of indigenous peoples’ claims. Among the most controversial requirements
are that five years of uninterrupted use preceding 1981 have been exercised
and that the use have been carried out peacefully, free of secrecy or violence
and without recognition of ownership by others.

Water serves as a powerful example to show the effects of externally
imposed cultural and political values. Scholars have noted how the
neoliberal water modernity project prohibits the existence of a plurality of
water rights, water identities and management modes (e.g., Boelens et al.,
2010). Here we have an example of how it is possible to curb indigenous
customary law through procedural means.
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Project on Judicialization of Water Resources, 2013-2014

A complementary investigation carried out by the same CRHIAM
researchers addressed the concern over judicial creation of water rights in
Chile stemming from recent practice (2013-2014), especially in key matters
such as the legal regime of access, in the context of the concern over the
difference between legal titles over water resources and the reality, in terms
of both hydrology and infrastructure, in which these aspects operate in the
country. This work presented the results of an empirical study of all of the
rulings handed down by civil courts of first instance in Chile during 2013
and 2014, compiled and analyzed within the framework of the FONDAP
project that created the Water Research Center for Agriculture and Mining
(CRHIAM, for its acronym in Spanish) at the University of Concepcién. This
systematization effort made it possible to identify some practices of each of
the country’s courts, particularly those that contribute to the configuration
of water rights at a local level as well as their reconfiguration through the
case-by-case approach applied by the courts (Ochoa et al., 2017).

In the specific matter addressed by this work, the judicialization
data illustrate the described problem. In 2013, of a total of 1,008 rulings,
indigenous communities figured in 15 of them (14 regularizations and
1 protection). In addition, a claimant appeared individually in at least one
case, invoking indigenous status.

In 2014, of a total 845 rulings, 499 were on regularization cases, nine of
which involved an indigenous community claimant.

One of the most interesting aspects that could be inferred from the
judicialization project was the use of the concept of “ancestral waters” with
a meaning very far from that described as part of indigenous customary
law earlier in this work. The judicialization project found that in 2013 the

Table 3.2 2013 regularization proceedings.

Claimant Number
Rural drinking water system 4
Indigenous community 14
Indigenous person (as a natural person) 1
Natural person 241
Legal person 70
Estate

Various claimants
Other public entity 5
Total 351
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Table 3.3 2014 regularization proceedings.

Claimant Number
Rural drinking water system 6
Indigenous community 9
Water users” association 1
Legal person 64
Natural person 405
Estate 9
Various claimants 4
Total 499

Table 3.4 Use of the term “ancestral waters” in 2014 rulings.

Winning party Number
Indigenous community 4
Natural person 10
Estate 1
Legal person 2
Civil corporation 1
Rural drinking water system 1
Total 19

term “ancestral” was used in 29 water-related rulings, 27 of which were
regularizations, one a protection judgment and one a punitive proceeding.
However, in the majority of the cases the term “ancestral” was expressed
in a proceeding that only involved Chileans claiming water use rights.
Communities” uses of ancestral waters fall within the rights accorded
ipso jure in our legislation, both by Law 19.253 and the Constitution, such
that the proceeding has the objective only of legal certainty, not creating
or constituting rights, since they pre-exist from ancient times as customs
and laws of the indigenous communities—as has been understood and
declared by national courts—and is in agreement with the characteristics
of ancestral title in international human rights law. As there is no procedure
dictated by law or by administration following the provisions of Transitory
Article 3 of the indigenous law, the provisions of Transitory Article 2 of
the Water Code, which, as we have mentioned, modifies the requirements
determined by Article 64 of the indigenous law and is adapted to neither the
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characteristics of a title of ancestral property nor the obligations of states*
to the communities, are applied supplementarily.

Part of the current problem that this work aims to highlight is the
unsuitability of existing laws and procedures regarding recognition of
customary law of indigenous peoples. To this it should be added that
the Water Code reform currently in process in the National Congress has
proposed ending this transitory system and an adequate substitute process
has yet to be laid out.

The recognition granted by the law is directed only at customary use
by the Andean indigenous communities of our country; thus, it aims to
protect the uses or practices carried out by the members of the respective
indigenous people with the conviction that doing so means obeying an
obligatory norm that is binding for all of the members of the community.
To this end, it is necessary to demand that the collective nature be proved
through the structure of the indigenous community, that immemorial or
long-standing use by the community be demonstrated through evidence
recognized by the people themselves, such as oral traditions, and that the
geographic character of the exercise of the right over water involve the
entirety of the environment in which the water resources are used, with
special emphasis on the place from which they spring. It does not seem
reasonable to also demand the fulfillment of the requirements prescribed
in Transitory Article 2 of the Water Code if it is understood that the right
over water has arisen by the mere operation of the law in accordance with
its ancestral use.

Legal Alternatives for the Recognition of Ancestral Waters

Detailed treatment of the procedures that adequately guarantee the
parameters of ancestral use of water discussed in this chapter are beyond
its objectives. This notwithstanding, we wish to at least outline two legal
alternatives to the current procedure and indicate the reasons that they
seem more respectful of indigenous customary law.

We believe that one alternative for recognition is filing a declaratory
action, moving away from the clearing process decreed by the Water
Code. If the water use rights of the communities are not registered, in

0 1/A Court H.R. Case of the Moiwana Community v. Suriname. Preliminary Objections,
Merits, Reparations and Costs. Judgment of June 15, 2005. Series C. No. 124, para. 209; Case
of the Mayagna (Sumo) Awas Tingni Community v. Nicaragua, para. 151 and 153, and Case
of the Xdkmok Kések Indigenous Community v. Paraguay. Merits, Reparations, and Costs.
Judgment of August 24, 2010. Series C No. 214, para. 109. Case of the Kuna Indigenous People
of Madungandi and Embera Indigenous People of Bayano and Their Members v. Panama.
Judgment of October 14, 2014. Series C No. 284, p. 40.
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this case it is possible, with a declaratory action brought before the court
corresponding to the commune in which the ancestral waters are located,
to request through a claim for declaratory judgment that a right be declared
created in favor of the community on the basis of ancestral use and by
virtue of the recognition granted in Article 64 of Law 19.253. It is debatable
if as part of the ruling the judge must determine the flow, intake point,
consumptive or non-consumptive characteristics and whether the exercise
of the right is permanent or temporary and continuous, discontinuous or
alternating, since in this way the indigenous law of Chile may weaken the
capacity of indigenous people to freely define their interests and collective
subjectivities and defend them in an autonomous manner. The way in which
the community itself manages its water rights must also be acknowledged,
respecting its vision and ancestral use. This ruling operates as res judicata
and its registration must be processed in the Water Registry of the Real
Estate Registrar, following the provisions of Article 114 of the Water Code.*!

It is understood that the claimant must have a legitimate interest (in
the ancestral waters) and must also invoke a moral or patrimonial interest,
all of which falls within the interests of the communities, which manifest
various interests related to water resources, settlement repopulation, the
survival of their traditions and a culture connected to water. Among the
requirements of the action are proving ownership, a criterion fulfilled
in accordance with the indigenous law upon the ancestral waters of the
community being found to be within the “recognized uses” which grants
the community full ownership over them through a demonstration that
the elements that constitute ancestral uses such as indigenous customs
required for their ownership to be fully established. The types of admissible
evidence are those established in the ordinary procedure of declaratory
action such as expert reports, witnesses and inspections that the court can
carry out to confirm the use of water for farming terraces, wells, villages
near the water, etc., facts that can indisputably verify the uses to which
water has been put in the heart of community life.** In this particular
matter we consider the assumption contained in Article 64 to be of special
importance, as it establishes: “Water located within community lands, such as
rivers, canals, irrigation ditches and springs, shall be considered assets of property
and community use, without prejudice to rights registered by third parties pursuant
to the General Water Code.”

1 Art. 114. “The following must be registered in the Water Registry of the Real Estate Registrar:
7. Final court decisions that recognize the existence of a use right.”

2 The types of evidence indicated by Article 341 of the Code of Civil Procedure are admitted:
public and private instruments, witnesses, admissions, court inspections, expert reports
and presumptions.
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Some have wished to interpret this institution not only as a certainty
of ownership but also as a way in which courts order the restitution of
the property in dispute (Couture, 2010), an interpretation not sufficiently
established in national jurisprudence that could bring about other effects
if what is sought is restitution and the invalidation of the registration in
favor of a third party (Lathrop, 2011). This brings us to a second assumption,
which is if water is registered in favor of a third party, the public law
annulment of the administrative act issued by the administration of the
state must be requested and a declaratory action subsequently filed.
Regarding use rights of water that effectively has owners in accordance
with a legal title, indigenous communities, whose rights over water are
accorded by the operation of the law, must assert that the DGA has acted
outside its jurisdiction in granting use rights to a third party given that
the non-recorded nature of indigenous rights over water does not prevent
their legal existence, a consideration among those expressly recognized in
Article 7 of the Constitution and which also has the advantage of allowing a
request for compensation for damages suffered to eventually be presented.
The objective of the annulment action is to annul the administrative act, and
thus all of the other resolutions that stem from it, while also determining
the responsibilities and sanctions defined by the law. Once the controversy
isresolved by ordinary courts, in the case that the water has been registered
in the name of a third party despite being located in the place in which
indigenous peoples have used the water within the framework of ancestral
use, it proves appropriate to rule on the declaratory action and the
characteristics of the right of the community.

The importance of filing both actions is that the disputed matter,
ownership over water, is thus wholly settled, including compensation
agreements aimed at resolving, at least partially, the damages caused
to the communities through the loss of access to their ancestral waters.
The Chusmiza Usmagama Community faced such a situation even after
receiving a favorable ruling from the Supreme Court, since the procedure
used, Transitory Article 2 of the Water Code of 1981, seeks the regularization
of water use rights but neither provides for the indigenous vision of water
nor includes the possibility of obtaining monetary compensation for the
damage caused.

Conclusion

Water serves as a powerful example to show the effects of externally imposed
cultural and political values. Scholars have noted how the neoliberal water
modernity project prohibits the existence of a plurality of water rights, water
identities and management modes (see Boelens et al., 2010).
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The recognition of the right of Andean indigenous communities in our
country to the waters to which they have had access since the distant past
and through which their ancestral property is acknowledged constitutes
one of the great advances of our legislation in terms of protection of natural
resources and indigenous rights, even though it is a partial recognition that
is not extended to the other ethnic groups of the country. However, mere
recognition of rights is insufficient without the legal or administrative
mechanisms necessary to exercise them.

As revealed in our preliminary examination, the recognized uses of
water in our country have no process that allows indigenous peoples’ rights
over ancestral waters to be recognized in a way that grants them the public
nature necessary to avoid conflicts with third parties, specifically in cases
in which the DGA, in the fulfillment of its obligations, grants the claim of
a third party. The pronounced neoliberal system of the Water Code of 1981
only worsened the problems of the indigenous communities of our country,
who were cast aside and dispossessed of the waters to which they had had
access to in favor of users with greater acquisitive power. The passage of
the law recognizing the ancestral property of Andean indigenous peoples,
the Law on the Protection, Promotion and Development of Indigenous
Peoples of 1993, awakened numerous hopes that indigenous customary
law would finally have legal recognition.

Through our study and with empirical data on judicialization, it is hoped
to answer the questions posed at the beginning of our discussion regarding
the elements and requirements that make up the rights over ancestral waters
recognized for Andean communities in Article 64 and Transitory Article 3 of
Law 19.253. The various dimensions that connect indigenous people with
water—their connections with ancestors, spirituality and survival—have
been legally recognized, granting ipso jure the right over water; therefore, it
is understood that the resolution issued by authority is an act of recognition
rather than creation of the right, which has important legal consequences:
the resolution aims only to establish a pre-existing situation and in the
event of conflict, and indigenous communities must prevail by virtue of
ancestral ownership.

Although the elements necessary to establish the ancestral rights
of communities in order to be recognized by our legislation are not
specifically indicated, the law, in Title VIII, second paragraph, “Particular
Complementary Dispositions for the Aymaras, Atacamefios and Other
Indigenous Communities of the North of the Country,” provides us
with sufficient data to infer them: geographical area, customary use and
communal use. The evidence from indigenous peoples must be directed
only at proving the three mentioned elements for ancestral ownership to
be formally established, with ownership granted by authority to a third
party proving unenforceable.
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To complement our position, we consider institutions such as a
declaratory action to establish a pre-existing situation, in this case ancestral
use, and in cases in which authority has granted water use rights to a
third party, the advisability of requesting the public law annulment of the
improper resolution, which are suggested as an alternative that is consistent
with an appropriate legal interculturality and meets the needs of the
indigenous communities regarding the protection of their ancestral waters.

Perhaps the study of this matter could foster an advance in legal
pluralism in acknowledgment of the existing interculturality in the country,
recognition of the ancestral waters of the other indigenous peoples or the
recognition of the different sources from which indigenous rights emanate.
Such recognition could be a gateway to dialogue that would accord all
inhabitants an effective equality in the face of the ethnic, cultural and
racial diversity of our country, which, far from being a cause of national
fragmentation, dignifies and enriches us both within and without.
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CHAPTER 4

Modeling for Management
A Case Study of the Canete Watershed, Peru

Wendy Francesconi,** Natalia Uribe,? Jefferson Valencia®
and Marcela Quintero®

Introduction

The Canete River watershed located in the central Peruvian Andes, is
undergoing hydrological changes due to global rising temperatures, land-
use changes and increased water supply demand. At the river’s source
in the ice-covered mountains at 5,800 m.a.s.l., changes in the landscape
are evident given the ever receding snow covered ground. According to
aerial photographs of the snowcap mountains, out of the 16 snow peaks
that existed in 1962, only 11 remained in 1990 (Cementos Lima S.A.).
Exacerbating this situation are the changes in land use occurring at the
upper and middle watershed. The watershed’s natural habitat functions
as a sponge, retaining much of the water that melts from the glaciers or
that falls as precipitation (Wiegers et al., 1999). In addition, lakes, puddles,
springs and creeks create a water holding network that transports and
slows down water losses along the elevation gradient. Yet, changes in
ecosystem dynamics affect the water holding capacity of the watershed,
leading to more erratic water flows with longer dry periods and flush events.
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These changes in turn cause additional environmental problems and have
socioeconomic consequences (Alurralde et al., 2011).

Animal husbandry has been a part of the native culture in the highland
Andes areas (Wiegers et al., 1999). Native llama, alpaca, wanaku and vicufias
have been part of the local culture and are integrated into the livelihood
strategies at high altitudes as a dominant economic activity (Blundo et al.,
2016). Yet changes have been taking place not only in terms of climate, but
also in the way farmers in the highland managed their land. Increases in
agricultural-related economic activities along with the introduction of cattle
ranching in the upper watershed pastures, have been contributing to the
diversification of land cover and land-use changes in the region (Valdivia
et al., 1996). Understanding these behaviors in agriculture and assessing
their impacts on water quantity and quality is vital to make policies
that propel changes in behavior in both the upper watershed and those
impacted by their land management behaviors at the lower watershed. In
the Peruvian Andes, water availability and agriculture go hand in hand.
The country’s privileged geographical location provides water from the
glacier cover mountain tops. However, the implementation of appropriate
and integrated water and land resource management is only recently
being considered through the development of a political framework by
the Peruvian government that allows for the legal retribution for actions
that contribute to the conservation of ecosystem services (MINAN, 2014).
In light of the threat of climate change, a base line understanding of water
dynamics is necessary to begin addressing the current and potential
problems in Andean watershed.

To help with the analysis of watershed management, the Soil and Water
Assessment Tool (SWAT) has been used extensively and is well documented
(Arnold et al., 2012; Moriasi et al., 2007; Francesconi et al., 2016). Within the
heterogenic landscape conditions expected from the extreme changes in the
elevation gradient in Andean watersheds, the spatially explicit hydrological
model can help identify critical areas for water provisioning, soil erosion and
others (Quintero et al., 2009). The use of SWAT in the analysis of watershed
for the development of payments for ecosystem services has also been
common as it can successfully estimate provisioning ecosystem services and
generate simulation scenarios for improved management (Francesconi et
al., 2016). With the goal of providing science-based information that could
contribute in decision making and the implementation of conservation
initiatives, water flow dynamics were assessed at the Cafiete watershed. In
the present study, the calibration and validation of SWAT was conducted for
an Andean watershed, to identify the location and contribution to stream
flow by different Hydrologic Response Units (HRU), in order to provide
spatially distributed information for the analysis of land use and climate
change impact on stream flow at the Cafiete River.
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Methodology

Study site

The study was conducted in the Cafiete watershed located at UTM 8'543,759
N-8676,000 N and 345,250-444,750 E in west central Peru (Fig. 4.11). The
watershed and the Cafiete River are located in the department of Lima, and
has an area of approximately 6,192 Km?* The watershed is comprised by
the province of Yauyos and Cafiete, and to a lower extent, the province of
Huarochiri. The watershed contains a population of about 130,000, which
declines as elevation increases (Apaclla, 2010). Precipitation also changes
drastically with altitude from about 17 mm at the lower watershed to about
1000 mm annually. The Cafiete River originates in the Ticllaconcha Lake at
an altitude of 4,429 m.a.s.1., and it extends by almost 236 km before ending
in the Pacific Ocean. The Cafete River has an average slope of 2%. In the
upper areas slopes with steep hills can be 8%, which are smoothen out
by the coastal areas in the lower parts of the watershed. The altitudinal
gradient of the watershed leads to numerous ecosystem types as well as
soils. From subtropical deserts, to shrub lands in the lower mountain areas,
to pastures in the highlands, the watershed has been adapted to different
agricultural practices.

The Cafiete watershed can be divided into three distinct sections:
upper, middle and lower. The upper section of the watershed, which ranges
between 4,000 to 5,800 m.a.s.1. contains the glaciers. The middle watershed is
comprised by the area between 350 and 4,000 m.a.s.1., and the lower section
has the smallest extent (4.6% of the watershed) and goes from sea level to
350 m.a.s.l. The lower section contributes to the Cafete valley, and the
interbasins of the Omas and Topara Rivers. Agriculture in the Cafete
valley is a major economic activity in the watershed. The flattening
of the watershed relief has created an area where the accumulation of
alluvial nutrient deposits has created adequate conditions for agricultural
production. The valley has more than 23,000 ha irrigated for the production
of crops such as cotton and maize being the most extensive (27 and 20%,
respectively), followed by sweet potatoes, fruit trees and asparagus
(INRENA, 2001). Water discharge at the valley is currently 77.5% lowered
compared to historical records (55.8 m®/s). Yet, demand for agricultural
purposes has increased and is estimated to be about of 75% of the Cafiete
River stream flow given that 95% of the population depends on this
economic activity (Otarola, 2011). The types of crops produced include
corn, cotton and cassava, among others. The types of soils at the lower
watershed range from alluvial, colluvial-alluvial and residual materials
from the in situ weathering processes. The main soil orders found in the
Canete valley include Fluvisols, Andosols, and Solonchak (ONERN 1970).
The predominant soil texture is sandy loam with moderate drainage, an
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Ap horizon between 0-25 cm deep. The soils are characterized by having
low organic matter (1.47%) and the valley has an average slope between
2-4% (Apaclla, 2010).

SWAT Modeling

The Soil and Water Assessment Tool (SWAT) was developed by the
USDA-Agricultural Research Service to model the impact of land use and
management on water quality and quantity. The tool is an open source and
widely used globally watershed-scale process-based hydrological model
developed by the U.S. Department of Agriculture-Agricultural Research
Service (USDA-ARS) (Williams et al., 2008). The model version used was
the ArcGIS 9.3 software interphase ArcSWAT 2009.93.7b. The model can
simulate small, medium and large watershed with varying soil, vegetation,
weather and slope conditions over short and long periods of time
(Francesconi et al., 2016). The main components of SWAT are hydrology,
climate, nutrient cycling, soil temperature, sediment movement, crop
growth, agricultural management and pesticide dynamics (Arnold et al.,
1998). For modeling purposes, watersheds may be categorized into a number
of sub-watersheds or sub-basins. The use of sub-basins in a simulation is
particularly beneficial when different areas of the watersheds are dominated
by land uses or soils dissimilar enough that it changes the hydrology. The
sub-basins are further divided into Hydrological Response Units (HRU).
These HRU units are land areas with unique land cover, soil and agricultural
management practices. The hydrological cycle as simulated by SWAT is
based on the water balance equation, which includes daily precipitation,
run-off, evapotranspiration, percolation and return flow components. The
surface run-off is estimated in the model using two options (a) the Natural
Resources Conservation Service Curve Number (CN) method (USDA-SCS,
1972) and (b) the Green and Ampt method (Green and Ampt, 1911). The
percolation through each soil layer is predicted using storage, routing
techniques combined with preferential flow model (Arnold etal., 1995). The
evapotranspiration is estimated in SWAT using three options (a) Priestley-
Taylor (Priestley and Taylor, 1972), (b) Penman-Monteith (Monteith, 1965)
and (c) Hargreaves (Hargreaves and Riley, 1985). The flow routing in the
river channels is computed using the variable storage coefficient method
(Williams, 1969), or Muskingum method (Chow, 1959). The SWAT model
uses the Modified Universal Soil Loss Equations (MUSLE) to compute
HRU-level soil erosion. The estimation of run-off energy is used in turn to
estimate sediment detachment and transportation (Williams and Berndt,
1977). The sediment routing in the channel (Arnold et al., 1995) consists of
channel degradation using stream power (Williams, 1980) and deposits in
channel using fall velocity. Channel degradation is adjusted using USLE
soil erosion tendency and channel cover factors (Betrie et al., 2011).
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SWAT Model Inputs

SWAT modeling requires spatially explicit land cover, soil, weather and
elevation data. For the Cafete watershed, this information was compiled
from various sources (Table 4.5). The Digital Elevation Model (DEM) was
extracted from CGIAR-CSI (http:/ /srtm.csi.cgiar.org/). The site provides
90m resolution elevation data for the entire world originally produced by
NASA and processed by CIAT to improve the quality of the continuous
topographic surfaces for large portions of the tropics (http://srtm.csi.
cgiar.org et al., 2008). Physicochemical parameters of soils were taken
from national studies of each county and in some cases missing values of
bulk density, soil available water content and hydraulic conductivity, were
calculated with the Soil Water Characteristics tool (Saxton, 2005) based
on percentages of sand, clay and organic matter. To delineate watersheds
from the DEM, we manually created outlets in particular locations with
the purpose of using most of the weather information for the simulation.
An area of 100 hectares was chosen as the threshold for the delineation of
watersheds. At the lower basin where the DEM is smoothened, the stream
network map was used to force the sub-basins reaches identified in SWAT
to follow known stream locations. In the generation of the HRUs, the slope
was set to five ranges to get a homogeneously distributed slope map. The
combinations among sub-basin, land use, soil and slope allow generated
many different HRUs. Given the diverse topographic and biophysical
characteristics of the Andean region, a full range of HURs is desired in
order to better represent these conditions. The potential evapotranspiration
(PET) was simulated using the Hargreaves method (Hargreaves et al.,
1985), and the actual evapotranspiration (AET) was calculated based on
the methodology developed by Ritchie (1972), which is used by the SWAT
model. A more detail description of the model setup process can be found
in Uribe and Quintero (2011).

Table 4.5 SWAT data input sources and description.

Data input Elevation Land use map  Soils map Weather stations
Resolution/Scale/ SRTM-90m 1:100,000 1:100,000 12
Number DEM
Data Source CGIAR-CSI IGN ONERN- SENAMHI
CORLIMA
Data Format GeoTiff ADF ESRI ADFESRI  DBF ESRI
Data Analysis

The Natural Resources Conservation Service Curve Number (CN) method
(USDA-SCS, 1972) was used to predict the surface run-off. CN2 values were
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determined based on a previous study in the Colombian Andes where
land cover map categories where associated to SWAT’s Land Cover codes
(IDEAM and Andina, 2007). In this study, common statistical indicators were
used to assess the model performance during calibration and validation
(Gassman et al., 2007): Nash-Sutcliffe coefficient of efficiency (NSE) (Nash
and Sutcliffe, 1970), index of agreement (d), Root Mean Square Error (RMSE),
and Mean Absolute Error (MAE). Data calibration took place from 1992 until
2000, and validation from 2001 until 2009. The first step in the calibration
process was to conduct a sensitivity analysis using stream flow related
parameters. To evaluate the impact of the different parameters, a Latin
Hypercube-One-factor-At-a-Time (LH-OAT) approach was use, which is
an automatic and stratified parameter sensitivity analysis built-in in SWAT.
Following, to further improve the model, a manual calibration of individual
parameters was conducted by comparing observed and predicted stream
flow values. Through this process, a total of 16 parameters were adjusted
within the range of values suggested and based on the characteristic at the
sub basin level.

Results and Discussion
SWAT Model Calibration

The observed versus the calibrated and simulated discharge values were
satisfactory according to Moriasi’s (2007) model evaluation standards and
performance (Fig. 4.12; Table 4.6). Streamflow trends show simulated values
to be underestimated during the calibration period, and overestimated
during the validation years (from 2001 on). Model calibration was conducted
by primarily modifying parameters related to the aquifer and ground
water characteristics (Table 4.7). Parameters such as: initial depth of water
in the shallow aquifer (SHALLST), groundwater delay (GW_DELAY),
baseflow alpha factor (ALPHA_BEF), threshold water depth in the shallow
aquifer for flow (GWQMIN), threshold water depth in the shallow aquifer
for ‘revap’ (REVAPMN), deep aquifer percolation fraction (RCHRG_DP),
initial groundwater height (GWHT) and specific yield of the shallow
aquifer (GW_SPYLD), are used in the estimation of base flow, and therefore
directly affect steam flow values from the catchment. Additional parameters
related to surface runoff lag time (SURLAG), water loss (soil evaporation
compensation factor (ESCO)), snow pack and melt processes (temperature
lag factor (TIMP), melt factor for snow (SMFMX and SMFMN), and snow
melt base temperature (SMTMP)), were adjusted to improve the overall
model calibration values. Compared to other studies, many of these
parameters were also used to calibrate SWAT for a central Chilean Andean
Basin (Stehr et al., 2009).
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The application of SWAT to model watersheds in the Andes has been
used primarily to provide information on water provisioning and the impact
of climate change, glacier melt and land-use change (Stehr et al., 2009;
Stehr et al., 2010a; Stehr et al., 2010b; Uribe and Quintero, 2011; Espinosa
and Rivera, 2016). To improve the calibration of mountain areas, SWAT has
developed functions and processes such as elevation bands and snow melt
parameters to better simulate biophysical and environmental conditions in
highlands. A common aspect of modeling Andes watersheds using SWAT
is the lack of high resolution and adequate data (Stehr et al., 2009). Among
the input data required for SWAT modeling, the most relevant to the
Andes highlands will be weather and soil information. Furthermore, when
available, data from weather stations does not reflect well the precipitation
and temperature conditions found in mountain areas, where conditions can
change dramatically within the altitudinal gradient. The same situation
will apply to soil input data. Given the array of geological characteristics,
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Fig. 4.11 Location of the Canete watershed in the providence of Lima in Peru. Image depicts
main tributaries to the Cafete River from the Andes to the Pacific Ocean.
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Fig.4.12 Observed and SWAT simulated values for streamflow (m?®/s) at the lower watershed
outlet in the Canete River.

Table 4.6 Calibration and validation model performance evaluation values.

Calibration period (Jan/92-Dec/00) Validation period (Jan/01-Jul/09)
Test NSE* d* RMSE* MAEA” NSE* d= RMSE* MAE"
Score  0.63 0.87 40.33 26.01 0.67 0.91 26.7 20.02

* Monthly average scores between 0.5 to 1.0 are generally viewed as acceptable levels of
performance (Moriasi et al., 2007).

+ Scores of 1 indicate a perfect agreement between the measured and predicted values, and
values closer to 0 indicate little or no agreement at all (Willmott, 1981).

+ Scores of less than half the observed standard deviation value are considered appropriate
(Singh et al., 2004).
A Values close to zero are considered appropriate (Singh et al., 2004).

soil conditions may be vastly different throughout the watershed, making
it difficult to model. To illustrate this point, the Peruvian Andeans holds
custody of what is known as the ‘rainbow mountain’, a barren mountain
range where you can see a strip pattern of seven different mineral deposits
re-occurring throughout the landscape. The use of elevation bands at
the Cafiete watershed helped incorporate variation in precipitation and
temperature in relation to the altitudinal gradient as has been suggested
(Hartman et al., 1999; Ster et al., 2009). Moreover, to address the difficulties
posed by the inadequate soil data and glacier melting processes, the
calibration of the model required the adjustment of parameters related
to the watershed’s geological characteristics and snow melting processes.
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Table 4.7 Parameter calibration in SWAT for the Canete Watershed.

Name Definition Range SWAT Cariete
default

ALPHA_BEgw  Baseflow alpha factor [days] 0-1 0.048 0.01

CH_N2.rte Manning’s n value for main channel 0-03 By HRU By HRU

CN2.mgt Initial SCS CN II value 2090 ByHRU By HRU

DEEPST.gw Initial depth of water in the deep 0-3000 1000 500
aquifer [mm]

ESCO.bsn Soil evaporation compensation factor 0-1 0.95 1

FFCB.bsn Initial soil water storage expressed as a 0-1 0 0.8
fraction of field capacity water content

GW_DELAY.gw  Groundwater delay [days] 0-500 31 25

GW_SPYLD.gw  Specific yield of the shallow aquifer 0-04 0.003 04
[/ ]

GWHT.gw Initial groundwater height [m] 0-25 1 25

GWQMIN.gw Threshold water depth in the shallow  0-5000 0 1
aquifer for flow [mm]

PLAPS.suub Precipitation lapse rate [mm /Km] 0-100 0 200

RCHRG_DPgw  Deep aquifer percolation fraction 0-1 0.05 0

REVAPMN.gw  Threshold water depth in the shallow 0-500 1 50
aquifer for “revap” [mm]

SHALLST.gw Initial depth of water in the shallow 0-1000 0.5 50
aquifer [mm]

SMFMN.bsn Melt factor for snow on December 21 0-10 4.5 1
[mm H20/°C-day]

SMFMX.bsn Melt factor for snow on June 21 [mm 0-10 45 35
H20/°C-day]

SMTMP.bsn Snow melt base temperature [CC] (-5) -5 0.5 2

SURLAG.bsn Surface runoff lag time [days] 1-24 4 8

TIMPbsn Snow pack temperature lag factor 0-1 1 0.5

TLAPS.sub Temperature Lapse rate [°C/Km] (-)20-20 0 2.7

Water Flow, Climate Change and Land Use

A slight reduction in stream flow can be observed overtime at the lower
watershed outlet. The average monthly flow during 1993 to 2000 was
61 m*/s compared to 48.9 m?/s from 2001 to 2008. This represents a 20%
reduction in flow over a period of 15 years. Influence by ENSO may explain
some of these cumulative precipitation differences as the calibration period
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experience two La Nifia events (1998-99 and 1999-2000), as opposed to just
a single one during the validation period (2000-01). According to Lavado-
Casimiro and Espinoza (2013), increases in precipitation can be expected
during La Nifia years at the latitude where the Cafiete watershed is located
in the Andes. However, the average precipitation values during these years
was 5% lower than the average precipitation during all the calibration years.
If the observed trend continues, we can expect water flow to be reduced to
almost half its 1990’s values over the next 15 years. Furthermore, greater
discharge variability in peak flow can be observed during the validation
period (Fig. 4.12), which could lead to flash flooding events or water stress
in crop production (Kang et al., 2009; Igbadun et al., 2007).

The slight changes observed in stream flow over time, resulted in the
slight overestimation by the model during the validation period. This
overestimation seemed to benefit SWAT’s model performance during the
validation period as the statistical evaluation scores were improved. While
the calibration period is characterized by smooth peaks and baselines, there
was greater variability during the validation period. Overestimation of
surface runoff and/or streamflow may be caused by underestimations in
evapotranspiration or subsurface values (Arnold et al., 2012). Yet, despite the
overestimations during validation period, the model captured most of the
water flow variability compared to the observed data (Krause et al., 2005).

The reductions in flow were positively correlated with reductions in
precipitation over time (r* = 0.71) (Fig. 4.13a). The amount of rainfall at the
upper watershed (collected from four weather stations above 3800 m.a.s.1.)
was 1039 mm/year during calibration, compared to 904 mm/year during
validation. Climate change in Peru is expected to increases precipitation
in the coastal areas and the Andes region close to the equator. Towards the
south of the country, precipitation variability can be expected. However,
reductions in precipitation at high elevations towards the western Andes
region are forecasted (Urrutia and Vuille, 2009). The expected reductions
in precipitation that are accompanied by increases in temperature at
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Fig. 4.13 Average annual streamflow values compared to (a) average annual precipitation
and (b) average annual max. Temperature values.
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high altitudes, have and will continue to negatively impact glaciers and
contribute to their mass loss.

Glacier recession and nonrenewable snow melt results in increases
in discharge (Mark and Seltzer, 2003; Mark and McKenzie, 2007). Yet, at
the Canete site a trend towards flow reductions is suggested by the data
collected and modeled. These results may be portraying a subsequent stage
of glacier melt on the hydrological processes in watersheds. Eventually, the
contributions by snow melt in high mountain watersheds will diminish
as the glacier mass is lost, leading to longer and reduced flows during the
dry season, as well as in increases in water flow variability overall (Mark
et al., 2010). The Cafiete watershed is recognized because it provides year
around stream flow given its numerous lakes and glaciers. Yet, the observed
increase variability in water flow, especially during the dry season, has
been affecting different economic sectors at the lower watershed (Apaclla,
2007). Furthermore, the negative socioeconomic impacts of water reductions
are not only estimated in the agricultural sector, but also in other water
dependent sectors in the region (Stern and Echavarria, 2013; MINAM, 2013).

According to the results, along with the slight decreases in discharges
overtime, the average annual values for maximum temperature seem to
increase (Fig. 4.13b). Data for temperature at the upper watershed was
available from a single weather station (Huarochiri) located at 3154 m.a.s.1.
The average annual values during the calibration period were 0.4°C lower
than those during the validation years. While more weather stations and
data would be required to more confidently support temperature changes
over time at the upper Cafiete watershed, the present results provide
insight on the potential increases being experienced, which will impact
water dynamics throughout the watershed. For the Andes region however,
increases in temperature has been reported and forecasted (Valdivia et al.,
2013; Valdivia et al., 2010). In response to the expected changes in climate,
coping strategies will need to be implemented that target land cover/land
use, agriculture and water management.

SWAT modeling can be used to identify the areas that contribute the
most to waterflow. Hence, the same areas may be the most vulnerable to
changes in climate and land use. Based on the HRU outputs in SWAT, the
areas with the highest water yield values were allocated as well as the areas
with the highest sedimentation values (Fig. 4.14). The identification of these
areas in the watershed allows for the prioritization of potential intervention
activities to incorporate agricultural practices and assign conservation
zones, which could ensure the watershed’s capacity to uptake, evaporate,
filter and transfer water resources to the aquifer and to superficial water
flow systems. As per the results, a few districts can be identified for the
incorporation of conservation activities. Among the 29 districts covered
by the watershed delineation area, six of them (Miraflores, Alis, Laraos,



Modeling for Management: A Case Study of the Cariete Watershed, Peru 95

Legend

D Watershed
[ | Districts

Water Contributions (mm/year)

VALUE
|o-50
31 - 256

B 257 - 578
B =c-1.110
B - 1507

0 12525 50
e melers

Legend

[ watershed

[ | Districts

Sediment Contributions
Value

|:| Wery Low

B o

- Modarate

I High

B = High

0 125 25 50
e il mieters

Fig. 4.14 Areas within the watershed that contribute the most to (a) water discharge and (b)
sediment yield to stream flow.

Vitis, Thomas and Huancaya), with a combined area of 52,602 ha and with
an average water flow contribution of 1507 mm, could be targeted for
developing climate change coping strategies (Uribe and Quintero, 2011)
(Fig. 4.14a). Subsequent socioeconomic analyses to understand community
identified priority conservation practices has been conducted at the Cafiete
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watershed to eventually take into consideration along with SWAT’s
modeling outputs (Blundo et al., 2016).

The satisfactory calibration and validation of the SWAT model allows
us to explore the potential sediment contribution of the landscape to
water quality in the Cafiete River. The proper estimation of sediment
yield values, or any given output in SWAT, requires the calibration and
validation of the model for the variable in question (Arnold et al., 2012).
Yet, monitoring data on sediments, or any other water quality variable is
not easily available in Peru, or Latin America in general. Therefore, we
can only speculate and use the stream flow calibrated /validated model to
compare the spatial distribution of sediment yield based on the current soil,
land use, slope and climatic conditions, and/or use the model to evaluate
simulation scenarios comparing relative output values (Arnold et al., 2012).
According to the speculative estimation of sediment yield contributions at
the HRU level, in addition to the above districts mentioned as important
for water contributions, the districts of Laraos and Tanta may be important
to prioritize for the incorporation of in soil erosion control strategies
(Fig. 4.14b).

Land Use Systems and Policy Design

Previous studies of the Cafiete watershed have identified that about 95%
of the communities at the upper watershed depend on farming and cattle
ranching activates for subsistence (SPDA, 2012). In addition to climate
change, anthropogenic changes in the landscape at the upper and middle
watershed have contributed to its diminishing capacity to retain water
and soil resources. Hence contributing to the reductions in stream flow
over time. Among the evolving livelihood strategies for income and in
response to climate change, farmers in the Andes are now engaging in crop
diversification by introducing greater varieties of potatoes, peas and onions.
Consequently, farming activities have not only intensified but also expanded
(Valdivia, 2010). Animal rearing has also increased and been transformed in
the region. Native and domesticated camelids such as llamas and alpacas
traditionally have been a source of income and food security since pre-Inka
period (Wieggers et al., 1999). Yet, the introduction of sheep, goats and cattle
have modified socioeconomic and landscape management practices at the
upper watershed. Increases in the number and size of animals, is prone to
cause soil compaction and overgrazing, especially during the dry season
when grasses are less available.

In search of increased profits, husbandry diversification seems like a
good alternative for the development of resilient livelihoods. However,
landscape management dynamics in the Andes is stratified into production
zones (Wiegers et al., 1999). In the upper watershed, rain feed agropastoral
lands have lost their cropping and grazing potential, in part due to climate
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change. Hence, a relocation of pastoral practices closer to water catchment
areas and into vulnerable ecosystems such as the bofedales, which are grass
dominated lands with high moisture content due to snowmelt, is now
taking place (Wiegers et al., 1999). In addition to identifying priority areas
for water provisioning, further analysis of SWAT’s outputs at the HUR
level can be overlapped with maps depicting areas where water demand is
increasing and where land-use changes may present a threat to maintaining
stable hydrological dynamics. This will further target the areas for activity
implementation reducing cost and increasing effectiveness (Espinosa
and Rivera, 2016). Water provisioning as an ecosystem service requires a
comprehensive understanding of the natural and social drivers of change
in order to help farmers and users throughout the watershed cope with
the changes experienced in their environment and become more resilient
financially, while not engaging in the continued deterioration of their most
productive and vulnerable ecosystems.

The use of hydrological modeling tools to contribute to knowledge-
based decision making has the potential of helping meet socioeconomic
needs with environmental conservation goals. Faced with climate change
threats, the development of sustainable livelihood strategies in Andean
watersheds needs to be supported by policy framework that formalize
climate adaptation schemes, ecosystem restoration activities, and the
incorporation of sustainable agricultural practices by farmers. A payment
for ecosystem services framework in Andean Watersheds, is among the
mechanisms that could achieve these objectives (Quintero et al., 2009). The
results from the hydrological model have been used by the Peruvian Ministry
of the Environment to help design a government law that formalizes and
promotes a reward mechanism for environmental conservation behavior.
Residents and industry at lower and mid watershed can help ensure a stable
water supply by supporting the implementation of conservation activities at
the upper watershed (MINAM, 2014). The hydrological analysis conducted
provided knowledge from which to better understand the impacts of climate
change on water provisioning and quality, and served as a research approach
in the design of a national policy that required a methodology to prioritize
landscape areas for conservation management activities.

Conclusions

SWAT can be an advantageous tool providing scientific information on
hydrological processes in the Andean region, where little input data exist
and where the need for climate change impact on glacier covered watersheds
is needed. SWAT is equipped with capabilities for modeling mountain
watersheds such as elevation bands and snow melt hydrological processes.
As with other agricultural modeling tools, SWAT is more effective when
high quality monitoring data is available. Yet, in Andean watersheds this
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information may not be always available. If with the available monitoring
data calibration and validation of the model is achieved and is reasonable,
the outputs can still be informative in providing water accounting and
identifying the location of biophysical critical areas for water delivery. This
information can help in decision making when needing to target priority
areas within the watershed for the incorporation of conservation activities
to invest in.

From the observed data, average annual precipitation reductions at the
upper Canete watershed were correlated with a trend towards stream flow
reductions at the outlet. Yet, the slight increases in temperature observed
at the upper watershed were not associated with increases in stream flow,
only what seems to be greater annual variability. Reliant and longer data
collection efforts are necessary to thoroughly understand the impacts of
climate change on water provisioning. In the meantime, by understanding
climate change induced trends in water flow and land-use management,
it is possible to develop integrated agricultural management schemes that
can increase the financial resilience of farmers throughout the watershed,
and in turn, reduce the impacts of farming practices on the environment.
The idea is to use agriculture as a tool for conservation and a component in
payment for ecosystem services schemes to mitigate climate change impacts.
While SWAT can provide information on the biophysical conditions, this
is not sufficient to develop an understanding of the problems in climate
change affected watershed. In addition to SWAT modeling, socioeconomic
research and a participatory approach are required to develop potential
solutions that are inclusive and government supported.

SWAT’s modeling outputs at the Cafiete watershed can help us
understand how other similar Andean-Pacific coastline watersheds could
be behaving in response to reductions in precipitation and temperature
increases, as well as the potential impacts on stream flow by peak
precipitation events. Taking advantage of the calibrated and validates
model, the tool’s additional value lies in its capacity to evaluate distinct land
management practices in prioritized sub-watersheds to evaluate appropriate
actions to secure stable water provisioning. This would be the subsequent
line of modeling required to assist in land management decision making.
Yet prior, the identification of the most likely land management activities
will need to be determined in a participatory manner in order to develop
realistic modeling scenarios to simulate. At the Canete watershed, the
current design and implementation of a sustainable (self-funded in time)
PES mechanisms piloted by the Peruvian government, will contribute to
the identification of such scenarios and hence to the overall formalization
of similar initiatives throughout the country.
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CHAPTER H

Mass Balance and Meteorological
Conditions at Universidad
Glacier, Central Chile

Christophe Kinnard,** Shelley MacDonell,* Michal Petlicki,?* Carlos
Mendoza Martinez,** Jakob Abermann® and Roberto Urrutia®®

Introduction

The Andes Cordillera is the water tower for several countries of South
America. This is especially true in semi arid areas where water availability
is limited due to low precipitation and where the bulk of the surface runoff
and groundwater recharge is generated in the high mountains, far from the
coastal population centers and cultivated lowland valleys (e.g., Viviroli et
al., 2007). In the central region of Chile (32-37° S), runoff generation from
mountains and its response to climate change have significant impacts on
society. This region boasts the highest concentration (two thirds) of the
country’s population and includes the three largest metropolitan areas—
Santiago, Valparaiso and Concepcion. Its fertile central valley, also known
as the ‘intermediate depression’, extends north-south between the Andes to
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the east and the coastal range to the west and is the agricultural heartland
of the country. The climate of central Chile ranges from semi arid to the
North, to temperate Mediterranean in the central and southern parts, being
characterized on average by hot and dry summers and wet and cool winters
The region’s economy mainly lies on the exploitation of natural resources,
by way of copper mining, logging, agriculture, wine production and fishing,
as well as on the manufacturing sector, and is thus heavily dependent on
the availability of water resources, especially during the summer growing
season when precipitation is scarce and the demand for water is highest
(Valdes-Pineda et al., 2014). A large portion of the annual precipitation
falls as snow in the Andes during the winter, part of which accumulates on
glaciers. Melting of snow and ice surfaces during the following spring and
summer results in a major seasonal meltwater pulse which sustains river
flow and groundwater recharge. This nivo-glacial Andean river regime is
essential for agriculture—water accumulated as snow during the cold and
humid winter is released by melting of snow and glacier ice during the
warm, dry summer growing season when water demand is the highest.
On the other hand, the amount and relative contribution of rainfall to
streamflow increases southward and westward, following the decreasing
elevation of the Andes. As a result, the main river catchments (e.g.,
Aconcagua, Maipo, Cachapoal, Tinguiririca) are mainly fed by a mix of rain
and snow melt, to which glacier melt contributes during the summer period
of low discharge. The total glaciated area in the Central Glaciological Zone
(32-36°S), as defined by the Chilean Water Directorate (Direccién General
de Aguas—DGA) is 855 km?[MOP-DGA, 2016]. Approximately 64% of this
area corresponds to glaciers and 36% to rock and debris-covered glaciers
(Janke et al., 2015). Hence despite the sometimes considerable glacier cover
in headwater catchments, seasonal snow remains the principal source of
meltwater in the central and northern Chilean Andes (Favier et al., 2009;
Masiokas et al., 2006). Still, the hydrological contribution of glaciers can
become significant during drought periods and very dry summers (Bown
et al., 2008; Gascoin et al., 2011; Huss, 2011; Rabatel et al., 2011). As such,
glaciers provide important ecosystem services related to water regulation
and supply (Brauman et al., 2007) by releasing more water during warm and
dry years, and storing water during colder and moister years (Fountain and
Tangbor, 1985; Jansson et al., 2003). This is especially important in climates
regulated by low-frequency ocean-atmosphere oscillations, such as the El
Nifio Southern Oscillation (ENSO) affecting central Chile (Garreaud, 2009;
Garreaud et al., 2009). Currently increasing temperature along the western
slope of the Andes (Falvey and Garreaud, 2009; Vuille et al., 2015), together
with an observed decrease in precipitation over the previous decades, has
resulted in an acute hydrological stress in central Chile (Boisier et al., 2016).
Ongoing and projected climate change may strongly impact glacial and
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snow storage (Carrasco et al., 2005), thereby posing a long-term threat to
future water resource availability in the cultivated lowlands downstream.
As in other semi arid regions of the world, decreasing (Barnett et al., 2005)
and reduced glacier storage (Kaser et al., 2010) may lower the capacity of
catchments to buffer the impacts of climate variability, including extreme
events, on the hydrological cycle. The prospect of long-term reduced glacier
storage and associated increased inter annual variability in stream flow
may exacerbate conflicts in central-northern Chile, where water demand
is high (Aitken et al., 2016).

Knowledge of glacier processes and their interactions with climate is
essential in order to assess the importance of glaciers within the regional
hydrological cycle, and to diagnose their sensitivity to climate change.
There have been various studies reporting changes in glacier length and
area in Chile over the past two decades (Bown and Rivera, 2007; Bown et
al., 2008; Malmros et al., 2016; Nicholson et al., 2010; Rabatel et al., 2011).

Recent summaries for Central Chile report a general decrease in glacier
lengths and areas, however with large differences between glaciers, which
highlights the importance of site specific factors (e.g., local topography,
glacier geometry, microclimates) in controlling the response of glaciers to
climate change (Malmros et al., 2016; Pellicciotti et al., 2014). Observations
regarding changes in glacier length and area are more abundant due to
the relative ease to map glaciers from remote-sensing sources. However
while still valuable, they give an incomplete picture of the hydrological
contribution and response of glaciers to climate variability, as the dynamical
response of glaciers to climate can be slow and depend on their size
and altitudinal distribution, among other factors (Cuffey and Paterson,
2010). Instead, the glacier mass balance is considered the best indicator of a
glacier’s ‘health status’. It represents the direct link between a glacier and
the atmosphere, because climate variations will result in direct changes
to the glacier surface through variations in snow accumulation and
snow and ice ablation rates. In contrast, the dynamic response of glaciers
to climate variations—i.e., the advance or retreat of a glacier—occurs
following a prolonged period of positive or negative mass balance, and
thus represents a delayed response to climate change. The mass balance
of mountain glaciers can be obtained (i) from direct field measurements
using the glaciological method, (ii) via indirect observations using the
geodetic method which derives mass balance from topographic changes
over time, or (iii) via the hydrological method which infers mass balance
as a residual term of the water balance equation (see Cuffey and Paterson,
2010 for a detailed review of respective methods). The glaciological method
is recognized as the benchmark for measuring glacier mass balance.
However itis field-intensive, costly, and sometimes logistically complicated
and risky. For these reasons there are only few glaciers in the world with
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long mass balance records, but these data have been highly valuable for
assessing worldwide trends in glacier mass balance (Medwedeff and
Roe, 2016; Zemp et al., 2009; Zemp et al., 2015). Field mass balance data is
particularly scarce in Chile given its extensive glacial cover. Mass balance
measurements have been carried out since 1977 on Echaurren Norte Glacier
in Central Chile (33.5° S, 0.23 km? in 2008); results indicate a positive net
mass balance for the period 1977-1991 (Escobar et al., 1995) and an overall
pronounced negative net mass balance afterward until 2008 (MOP-DGA,
2009). This is the only long-term glacier monitoring site in Chile. Other
ongoing glacier monitoring programs have existed since 2002, for example,
within the Pascua-Lama mining project in northern Chile (29° S) (Gascoin
et al., 2011; Rabatel et al., 2011) and in the Lake District, further South
(40° S) (Bown et al., 2007). Using published mass balance data along the
whole Andes range Mernild et al. (2015) calculated mean glacier mass
balance estimates for central-northern Chile of -650 + 530 mm w.e. a™
(mm of water equivalent per annum) for the period 1993-2002, and
-770 £220 mm w.e. a™" for the period 2003-2012. The large uncertainty points
to the critical lack of data in the Chilean Andes. The creation in 2008 of a
Glaciology Unit under the auspice of the Chilean Water Directorate DGA
and a National Glacier Strategy is sparkling new and better coordinated
monitoring and research efforts in glaciology, including new glacier
inventories, glacier change detection studies, and field mass balance and
hydrometeorological studies (MOP-DGS, 2009).

Due to the scarcity of glacier mass balance data, models have been
developed and used extensively to assess glacier mass balance and its
response to observed and projected climate conditions (e.g., Gabbi et al.,
2014; Radic et al., 2014). Yet these models remain dependant on field mass
balance observations and hydrometeorological data, however limited these
may be, for calibration and validation. Hence temporary but intensive
glacier monitoring efforts have high values for (i) characterizing the present
mass balance status and driving meteorological conditions; (ii) providing
calibration and validation data for glacier models, which can be further
used to (iii) reconstruct or project glacier mass balance in response to climate
change (e.g., Pellicciotti et al., 2008; Ragettli and Pelliciotti, 2012).

The present chapter presents results from such an intensive glacier
monitoring program, conducted over a period (2012-2014) on Universidad
Glacier (34°40” S, 70°20” W), the largest glacier in Chile outside Patagonia.
The objectives of this chapter are twofold: (i) to outline the methods used
to measure, calculate and interpret glacier mass and energy balance data,
thereby serving as a guide for future field studies in the region; (ii) to
present the first complete mass balance estimates for Universidad Glacier
and discuss meteorological controls on glacier ablation over two complete
hydrological years.
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Study Area

Universidad Glacier (34°40” S, 70°20” W) is located above the commune
of San Fernando in the O'Higgins Region of Chile, in the headwaters
of the Tinguiririca River, itself a sub-catchment of the Rapel River basin
(Fig. 5.15). It is part of the third glaciological zone that extends from 32-36°
south (MOP-DGA, 2009). Morphologically speaking, it is a valley glacier
that develops from the union of two contiguous sub-basins or cirques from
which glacial tongues flow down, one toward the South and the other
toward the West; both tongues coalesce together below icefalls. The main,
lower glacier tongue displays ogives, with alternating bands of clear and
debris-rich ice (Lliboutry, 1958) (Fig. 5.15). The glacier area in 2014 was
27.6 km? and its linear length 10 km, from its front to the upper part of
the western sub-basin. The glacier elevation ranges from 2450 m a.s.l. to a
maximum of 4550 m a.s.l. in its northern sub-basin. The climate in the region
is Mediterranean semi arid-temperate with annual precipitation around
700 mm a7! (MOP-DGA, 2010). The area is located in a climatic transition
zone: precipitation at high altitudes (above 2500 m a.s.1.) fluctuates between
500 mm a™ in the northern semi-arid part of the region (32° S), to up to
2500 mm a™ at 36° S (Pellicciotti et al., 2014). Interannual variability in
precipitation is largely influenced by ENSO and the Pacific Decadal
Oscillation (Garreaud, 2009; Garreaud et al., 2009). The 0°C isotherm altitude
decreases in the same latitudinal range, from about 4000 m a.s.1. at 32° S to
3000 m a.s.l. at 36° S (Carrasco et al., 2005). According to previous studies
carried out by the Glaciology Unit of the (DGA), Universidad Glacier lost an
area of 1.99 km? during the period 1945-2011, which amounts to an average
of —-0.03 km? per year and a 6% total areal loss from the initial surface in
1945. The front retreated 1430 m during the same period, which amounts
to —22 m per year on average. Universidad Glacier is the source of the San
Andrés River, which changes its name downstream to Azufre River and
drains into the Tinguiririca River, and eventually into Rapel River.

Methods
Mass balance measurements

Glacier mass balance (b) is the amount of mass gained or lost at a given point
and time, usually expressed in millimeters or meters of water equivalent
(mm w.e. or m w.e.) (e.g., Cuffey and Paterson, 2010). In practical terms, it
is the difference between the volume of water deposited as snow (the sum
of precipitation, vapor deposition, wind transport and avalanches), and the
volume of water lost through ablation (the sum of melt, sublimation, wind
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Fig. 5.15 Location of monitoring points on Universidad Glacier. In 2013 the upper AWS was
moved from the eastern basin to the western basin. Background image: Landsat, 12 April 2013.
Image of the glacier: hyperspectral image from 17-23 April 2013.
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erosion and calving) on and from the glacier surface over a given period
of time (dt). Mass changes arising from ice melt and refreezing of melt or
rainwater at the glacier bed (basal mass balance) and within the glacier
(internal mass balance), are typically of much smaller magnitude than the
surface mass balance, and these terms are commonly ignored for mountain
glaciers. Thus in this chapter the mass balance refers to the surface mass
balance, i.e., mass changes resulting from the exchange of water and energy
between the atmosphere and the glacier surface. The mass balance b at a
point x on a glacier can be defined by:

bx) = [ 2 b(x, b dt )

where b is the mass balance rate in time (Kaser et al., 2002). Typically, a
glacier’s annual mass balance is measured over the hydrologic year, i.e.,
from the beginning of winter until the end of summer. By convention, the
hydrological year in the southern hemisphere is defined from 1 May to 30
April. In regions where the climate displays pronounced seasonality, such
as in the central Chilean Andes, snow accumulation occurs mostly during
winter and ablation predominantly in summer. Thus the glacier’s annual
mass balance can be expressed as:

b,=c,+a,=b, +b, (2)

where: b_is the annual mass balance; c, is the annual accumulation; a_is
the annual ablation; b, is the winter balance; and b_is the summer balance
(Cogley et al., 2011). In reality, some ablation can occur during winter and
some accumulation can take place in summer, which makes b <c,and b <a,
but this does not affect the annual balance calculation over the hydrologlcal
year. Mass balance can be measured between fixed dates, such as at the
beginning and end of the hydrological year (fixed date system) (Cogley et
al., 2011; Dstrem and Brugman, 1991). In the fixed date system corrections
are applied to the measured balances if the measurement dates are not
constant from one year to the other, so as to ensure that the mass balance is
constantly referenced to the same period. The floating date system is more
common, wherein the glacier is visited on variable dates near the beginning
and end of the hydrological year, but without applying corrections. Another
common method is the stratigraphic method, which defines mass balance in
relation to the snow stratigraphy, i.e., a recognizable layer in the snowpack
that marks the end of the previous summer surface, regardless of the
date assigned to it. In practice however, most field studies use a system
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combining these last two methods (the combined system). The present
study uses the combined system—the glacier was visited at about the same
time each year, but the winter balance was measured with reference to the
last summer layer identified in snowpits in the accumulation area or by
probing to the ice surface in the ablation zone, while ablation was measured
repeatedly at reference stakes. The glacier was visited once by skiing and
by helicopter the remaining times, due to complicated access. Mass balance
was measured over two hydrological years, 2012/13 and 2013 /14, at 10-11
stakes on the glacier (Fig. 5.15). Stakes consisted of aluminium or polyvinyl
chloride (PVC) tubes drilled into the firn or ice surface using a Kovacs ice
drill, and plugged with PVC (in case of aluminium stakes) at the bottom
end to restrict heat conduction and sinking of the stakes. Snow depth was
measured by probing to the ice surface at nine points within a 3 x 3 m square
centerd on each ablation stake, and averaging the results. Additionally, three
(2012) and four (2013) snowpits were excavated, in which the snow density
and temperature profiles were measured (Fig. 5.16). In 2012 an extensive
snow depth survey was conducted on the lower glacier (Fig. 5.15). Snow
depths (when present) and ablation were measured on a near-monthly
basis between late October and late April/early May of each year. Not all
measurement points could be surveyed at each visit, but all points were
surveyed in late winter/early spring and at the end of summer.

Fig. 5.16 Field mass balance and meteorological measurements on Universidad Glacier. (A)
snow stratigraphic measurements at point u2 in the accumulation zone, October 2012. (B)
Measuring the position of the lowest stake (u9) in the ablation zone, April 2013. (C) AWS1 on
25 October 2012; (D) AWS2 on 25 October, 2012; (E) AWS1 on March 5, 2013; (F) AWS2 on 23
March, 2013. Refer to Fig. 5.15 for AWS positions.
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Glacier-wide mass balance

A typical valley glacier can be separated into an accumulation zone where
the annual mass balance is positive (b, > 0), and an ablation zone where the
annual mass balance is negative (b, < 0), with the two zones being separated
by the equilibrium line where the balance is nil (b, = 0).

Mass balance on mountain glaciers typically displays a strong
relationship with altitude. The mass balance gradient is the rate of change of
mass balance with altitude (db/dz in mm w.e. m™); it drives the ice flow from
the accumulation to the ablation zone. Its value near the Equilibrium Line
Altitude (ELA) is called the activity index (Lliboutry, 1964) and is positively
related with the ice turnover rate of the glacier. The mass balance gradient
is typically greater in the ablation zone (10 to 20 mm m™) where it depends
primarily on temperature-related ablation processes, but reduces in the
glacier accumulation zone where it depends primarily on accumulation
processes (Francou and Pouyaud, 2004).

The glacier-wide, specific mass balance (B_,in mm w.e. a™) is obtained
by integrating the point balance measurements (b)) to the whole glacier
surface (A) (Cuffey and Paterson, 2010):

_1
B.= & fA bdA 3)

The area of Universidad Glacier is 27.44 km?, as mapped manually on a
mosaic of hyperspectral images acquired in April 2013 and orthorectified
with a Digital Elevation Model (DEM) acquired from an airborne lidar
survey on the same date. The traditional method to derive B, is to interpolate
the point mass balance measurements to the whole surface using manual
contouring or automatic spatial interpolation methods (Jstrem and
Burman, 1991). This requires that observations be sufficient and well
distributed on the glacier surface. This is often the case for glaciers with
a smooth surface and easy access. However extensive work is required to
install and maintain such an observational network. Conversely, the strong
relationship between mass balance and elevation means that a more limited
number of observations can be reliably interpolated to whole surface, using
the vertical balance gradient (Foutain and Vecchia, 1999). This method also
allows calculating a standard error on the glacier-wide mass balance. This
method was used in this study, given the difficult access to the glacier and
the resulting sparse observation network (Fig. 5.15). The seasonal mass
balance-altitude relationship, b(z), was estimated by fitting a second-order
polynomial to the winter (b, ) and summer (b ) balance data for each year,
using least-square regression. The polynomial coefficients were then
summed to provide the annual mass balance-altitude function, b (2):
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b(2) =pl,2* +p2,z2+p3, (4a)
b(z) =plz*+p2z+p3, (4b)
b(z) = (p1, +pl)z*+ (p2, +p2)z + (p3, +p3) (40)

The glacier-wide mass balance (B), omitting the subscripts s, w, and 4, is then:
B =plz? +p2z + p3 ©)

where: 7 is the glacier average square elevation; and z is the glacier’s average
elevation (Fountain and Vecchia, 1999). The standard error on B is then:

SE(B) = (%ﬂ xva) 2 ©)

where: ¢° is the regression standard error using the least squares method
(root mean squared error of the residuals in Equation 5); A is the glacier area,
x is a column vector (1, 22,2) ; T is the matrix transpose; and V the variance-
covariance matrix of the regression coefficients (Fountain and Vecchia, 1999).

Meteorological measurements

Two Automated Weather Stations (AWS) were operated on the glacier
during the study period (Fig. 5.15). The upper station (‘AWS1’) was installed
at 3629 meters above sea level (m a.s.l.) in the eastern basin and operated
continuously between 25 November 2012 and 15 May 2013. The station was
moved later to the western basin (3724 m a.s.l.) where it operated between
29 October 2013 and 29 April 2014. The lower station ("AWS2’) was installed
on the glacier tongue at 2790 m a.s.l. and operated continuously between
25 November 2012 and 24 April 2014. Meteorological sensors (Table 5.8),
data loggers and batteries were mounted on tripods resting on the glacier
surface, while an ultrasonic gauge measured surface height changes relative
to a fixed aluminium frame inserted into glacier ice/firn (Fig. 5.16). Both
stations sampled air temperature, humidity, wind speed and direction,
incoming and outgoing short- and longwave radiation, and surface height
changes every 10 seconds. Air pressure and liquid precipitation were also
measured at AWS2. Hourly averages were stored in Campbell Scientific
CR1000 dataloggers and transmitted via a satellite link. A cloudiness factor
was computed as one minus the ratio of measured incoming solar radiation
to the theoretical clear sky solar radiation. The stations were visited as
frequently as possible during the monthly visits to the glacier. Sensor
heights were measured each time and the radiometers were checked and
leveled when necessary.
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Table 5.8 AWS sensors and meteorological variables used for energy balance calculations.

Variable Instrument Measurement range ~ Nominal accuracy
Air temperature Vaisala HMP155 —-80 to +60°C 0.226-0.0028 x airT (°C)
(=80 to 20°C)

Relative humidity =~ Vaisala HMP155 0.8 to 100% 1.0 + 0.008 x RH (%)

Wind speed Young 05103 1to60ms™! 0.3ms"or 3%

Solar radiation Kipp and Zonen 0to 2000 W m™ < 5% for daily sums
CNR4

Longwave Kipp and Zonen -250 to +250 Wm™= < 10% for daily sums

radiation CNR4

Surface height Campbell SR50A 0.5to 10 m 0.01 m or 0.4%

Air pressure CS106 500-1100 mbar 1 mbar (<20 to 45°C)

Point Energy and Mass Balance Calculations

The surface energy balance was calculated at each meteorological station,
using model formulations by Molg et al. (2008). The model is described in
detail by Molg et al. (2008). MacDonell et al. (2013b) successfully applied
the model to Guanaco glacier in the northern Andes of Chile. The surface
energy balance is calculated as the sum of all energy fluxes entering and
leaving the glacier surface by unit time interval (1 hour):

R+QS+QL+QP+QG=F @)

where R is the net radiation flux; QS is the turbulent sensible heat flux; QL is
the turbulent latent heat flux; QP is the heat flux supplied by precipitation;
and QG is the subsurface heat flux (Molg et al., 2008). QG can be further
separated into the conductive heat flux in the subsurface (QC), and the
energy flux from shortwave radiation penetrating through the subsurface
(QPS). Fis the resultant energy flux at the surface. If the surface temperature
is at the melting point (0°C) and F is positive on the right-hand side of
Equation 7, then F represents the energy available for melt (QM), otherwise
surface cooling occurs. In this study, QP is ignored because all precipitation
falls as snow and precipitation intensity is low, which means that heat
addition due to precipitation is likely to be negligible.

The net radiation (R) is calculated as the sum of incoming (SWin)
and reflected (SWout) solar radiation and incoming (LWin) and emitted
(LWout) long wave radiation as measured by the radiometers on the AWSs.
SWin is corrected for local slope at the AWS locations. LWout is used to
calculate surface temperature using the Stefan law, assuming a surface
emissivity of 1. The turbulent sensible and latent heat fluxes (QH, QL) are
calculated using the ‘bulk’ method outlined in Mélg et al. (2008), in which
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measurements of air and surface temperature, relative humidity and wind
speed are used to estimate conditions at the glacier surface according
to neutral logarithmic gradient profiles, along with surface roughness
lengths for momentum (z, ) and heat/vapor (z,). Representative values
were selected from the literature (Cuffey and Paterson, 2010), and varied
according to surface type (ice, fresh and old snow). Values of 4 mm, 2 mm
and 1 mm were used as representative roughness lengths for momentum
for old snow, ice and fresh snow, respectively. Values for the roughness
lengths for heat/vapor were an order of magnitude smaller in each case.
A correction term accounts for the stability of the boundary layer based
on the Richardson number. The englacial temperature profile is calculated
in the model using the thermodynamic equation, and includes energy
release from penetrating solar radiation (QPS) and englacial refreezing in
the snowpack (Molg et al., 2009; Molg et al., 2008). QPS was estimated to
be 20% of the net solar radiation for ice, and 10% for snow (Bintanja and
Van Den Broeke, 1995). The subsurface model in this study uses 14 vertical
layers with thicknesses (dz) increasing progressively from the surface
(dz = 0.09 m) down to 15 m depth (dz = 3 m). Conduction (QC) is then
calculated from the temperature profile.

The mass balance at the AWS locations is modelled As:
QM QL

=C,+ ==+ =+ 8

b=c, L, L Con (8)
where: c_ is the sum of solid precipitation; L,, and L, are the latent heat of
melting and sublimation, respectively; and c,, is englacial accumulation
by refreezing of meltwater in snow or at the interface between ice and
snow. ¢, is calculated from surface change measurements measured by
the sonic ranger on the AWS and using a fresh density of 60 kg m= (Cuffey
and Paterson, 2010). L,, and L, are known values, and QM, QL and c,, are
calculated during the energy balance modelling (Equation 7). Mass or
energy loss from (gain to) the surface is defined as negative (positive). The
model was validated at each AWS using surface height changes measured
by the sonic rangers.

Results and Discussion
Mass balance measurements

The glacier-wide mass balance (B + standard error) of Universidad Glacier
calculated by the glaciological method was —0.32 + 0.40 m w.e. in 2012/13
and -2.53 + 0.57 m w.e.in 2013 /14 (Table 5.9). While measured accumulation
at the end of winter (October) is similar between both years (2012/13:
1.43 + 0.06 m w.e., 2013/14: 1.48 + 0.15 m w.e.), ablation was much larger
in summer 2013 (—4.01 + 0.56 m w.e.) than in 2012 (-1.75 + 0.38 m w.e.). The
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mass balance shows strong relationships with altitude, with r* coefficients
of 0.79 to 0.92 in winter and 0.90 to 0.97 in summer (Fig. 5.17; Table 5.9).
Despite the relatively strong elevation dependence of the seasonal mass
balance components, scattering of individual observation is evident;
these arise from combined measurements errors and spatial variability in
accumulation and ablation processes unrelated to elevation (Zemp et al.,
2013), and are responsible for the standard errors around the mass balance
estimates (Table 5.9). The gradient decreases near the equilibrium line, a
common phenomenon on valley glaciers, which occurs mainly because
the snow surface above the equilibrium line has a greater albedo than the
ice below the equilibrium line and thus the same added energy leads to
lower melt above than below the ELA. The mean mass balance gradient
was calculated as:

% =2pl +p2z )
where: pl and p2 are the first two polynomial coefficients from Equations
4 and 5; and z is the mean glacier altitude (3664 m a.s.l.). The winter
balance gradient is rather small, with accumulation (b ) varying between
0.5 m w.e. a™! in the lower part to ~ 2 m w.e. a™! in the higher part, with
mean gradients of 0.01 and 0.13 m w.e. per 100 m for 2012/13 and 2013/14,
respectively. The summer balance gradient is steeper, with b_values varying
from ~ 0 m w.e. in the higher section of the glacier, to -11 m w.e. in the lower
section (-2 to —14 m w.e. in 2013/14), with similar mean gradients of —-0.37
and —0.38 m w.e. per 100 m for 2012/13 and 2013/14, respectively. The
annual mean mass balance gradients were —0.36 and —0.52 m w.e. per 100 m
for2012/13 and 2013 /14, respectively. Hence ablation was more pronounced
in 2013/14 compared to 2012/13 but the mass balance gradient was also
steeper, mainly due to the steeper winter balance gradient measured
in 2013/14. The Equilibrium Line Altitude (ELA), estimated from the
mass balance-elevation relationships, was 755 m higher in 2013/14
(ELA = 4233 m) than in 2012/13 (ELA = 3478 m). The Accumulation
Area Ratio (AAR), defined as the ratio between the accumulation area
and the total glacier area, was 0.71 in 2012/13 but decreased to 0.11 in
2013/14. Hence in 2013/14 only 11% of the surface of Universidad Glacier
accumulated mass, compared to 71% in 2012/13. Glaciers tend to have a
mass balance in equilibrium (B, = 0) when their AAR is between 0.4 and
0.8, with an average value of 0.57 + 0.09 (Dyugerov et al., 2009).

Taken together, these results illustrate two contrasting years with respect
to mass balance conditions on Universidad Glacier, with strong ablation
driving a marked decrease in annual mass balance in 2013 /14 compared to
the preceding year 2012/13. We next analyze the meteorological and energy
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Fig. 5.17 Measured mass balance versus elevation. (A) Glacier hypsometry derived from the
2011 lidar survey. Gray (black) bars represent the eastern (western) basins of the glacier. (B) Mass
balance, hydrological year 2012-2013; (C) Mass balance, hydrological year 2013-2014. Small
gray points are manual snow measurements between stakes (2012 only). All available snow
depths were averaged per 100 m elevation bin. Continuous lines are 2nd-order polynomial
functions fitted on observations (blue: winter, red: summer, black: annual).

Table 5.9 Mass balance results for Universidad Glacier. S.E. = standard error on the
mean mass balance (Fountain and Vecchia, 1999); r> = percent variance explained by the
polynomial regression of mass balance against altitude; ELA: Equilibrium Line Altitude.
AAR: Accumulation Area Ratio.

Year Parameter B (mwe.) B (mwe) B (mwe) ELA(m) AAR[]

B+S.E. 143+0.06 -175+038 -0.32+0.40 3478 0.71
2012-2013
r’ 0.92 0.97 0.97
B +SE. 148 +0.15 —4.01+056 -2.53+0.57 4233 0.11
2013-2014
r? 0.79 0.90 0.92

balance data collected on the glacier during the study period in order to
identify the main ablation drivers and their differences in both years.

Point Mass and Energy Balance Calculation

Model validation

Total mass changes at AWS1 and AWS2 calculated by the mass balance
model are presented in Table 5.10 for summer (Nov-Apr) 2012/13 and
2013/14. Surface height changes simulated by the mass balance model
agree reasonably well with those measured by the sonic range sensors
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Table 5.10 Calculated mass changes at AWS1 and AWS2 in summer (November—April) for
hydrological years 2012-2013 and 2013-2014.

2012-2013 2013-2014
AWS1 AWS2 AWS1 AWS2
Precipitation 44 28 26 50
Melt (mm) 1541 5889 3280 6920
Sublimation (mm) 106 223 117 238
Refreezing (mm) 603 44 450 3
Ablation (mm) 1043 6068 2947 7155
Sublimation ratio (%) 6 4 3 3

installed near the AWSs (Fig. 5.18). At AWS1 the Nash-Sutcliffe coefficient
of efficiency (NSE), which measures the model performance relative to the
mean measured height change (NSE = 1 being a perfect fit) was 0.93 and
the root mean square error (RMSE) was 2.3 cm in 2012/13. Slightly lower
values are calculated in 2013 /14, with NSE = 0.90 and RMSE = 5.4 cm. The
model slightly underestimates ablation toward the end of the 2013/14
period, which could be due to the appearance of penitentes (ice pinnacles)
on the surface, which were not present at the AWS1 location during the
first year, and whose effect is not taken into account in the energy balance
model. The agreement between observed and simulated changes is still
considered reasonable. At the lower station, AWS2, the fit between simulated
and observed height changes is very good, with an NSE value of 0.98 and
RMSE of 6.5 cm. The main differences between observed and simulated
changes occur in winter during and after precipitation events, and at the
end of September 2013 when larger ablation was calculated by the model
in response to above-freezing temperatures over a few days.

Mass and Energy Fluxes at AWS1 and AWS2

Mean monthly energy fluxes and total monthly mass changes were
calculated at both stations (Fig. 5.19, Fig. 5.20). At both stations and during
both years the net solar radiation flux (SW*) largely dominates the energy
input to the glacier surface in summer, with the sensible heat flux (QS)
provides a lesser energy contribution. The dominance of the net solar
radiation flux is characteristic of the Mediterranean climate and latitude
(36° S) of Universidad Glacier: high solar angles and a dry atmosphere in
summer causes intense solar radiation on the glacier surface. At AWS1 the
energy gained is mainly dissipated by melt (QM) and radiative cooling,
with the net longwave heat flux (LW*) being negative on average. The latent
heat (QL) and ground heat fluxes (QG) are the smallest energy loss terms.
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Fig. 5.18 Comparison between simulated (red) and measured surface height changes (blue).
(A) AWS], eastern basin: 2012-2013; (B) AWS1, western basin: 2013-2014; (C) AWS2 lower

glacier: 2012-2014.
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Fig. 5.19 Calculated monthly energy and mass balance at upper weather station AWS1. (A)
energy balance, 2012-2013; (B) energy balance, 2013-2014; (C) mass balance, 2012-2013; (D)
mass balance, 2013-2014. See Fig. 5.15 for location of AWS1. The number of available days is
labeled for months with incomplete data. Note the different x and y axes scaling.

Hence ablation occurred mainly by melting, with a sublimation ratio (the
proportion of ablation occurring by sublimation) of only 6% in 2012/13 and
3% in 2013/14 (Table 5.10), but with significant refreezing of melt water
within snow /firn: 39% of the melt water in 2012 /13 and 14% in 2013/14. As
AWS1 was moved from to the western basin in 2013 /14 conditions cannot
be directly compared. But despite its slightly higher altitude in 2013/14
(3724 m) compared to 2012/13 (3629 m), melt at AWS1 was more intense
in 2013/14 than in 2012/13. Also, snowfall events occurred in December
2012, which increased albedo and decreased the net solar radiation flux
(SW*), and allowed refreezing of meltwater in the snowpack (Fig. 5.19A,C).

A continuous record is available at AWS2 on the lower glacier between
November 2012 and April 2014 (Fig. 5.20). Net shortwave radiation (SW*¥)
also dominates the energy gains at AWS2 during summer (October—April),
with a lesser contribution from the sensible heat flux (QS). Energy losses
occur mainly through melt (QM), followed by sub surface heat flux (QG)
and latent heat flux (QL). Hence the relative contribution of the different
heat fluxes is similar to the upper glacier (AWS1), but melt is more intense
and the sub surface heat flow is more pronounced due to increased thermal
conductivity and light transmissivity of the ice surface, which favor heat
conduction and transmission of solar radiation, respectively. During winter
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Fig.5.20 Calculated monthly energy (A) and mass (B) balance at lower weather station AWS2
between November 2012 and April 2014. The number of available days is labeled for months
with incomplete data.

(May-September) the net shortwave radiation flux is reduced due to lower
sun angles and the higher snow albedo, and the glacier surface is warmed
by upward heat conduction (QG) from the subsurface. Almost all the
energy is dissipated radiatively (LW¥), with only occasional melt. Like at
AWS], sublimation represents a small portion of total ablation (3—4%), and
refreezing of meltwater is much reduced compared to AWSI, due to the
thinner and more transient snowpack covering the impervious ice surface
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(Table 5.10, Fig. 5.20). Comparison between the summer periods of both
years with complete data (December—April) shows that melt in December
2013 was more than twice that in 2012, and refreezing was less due to a
thinner snow cover in 2013 (Fig. 5.20 C-D). Like at AWS], the increased SW*
flux in December appears to be the main cause for increased melt in early
summer 2013 /14 compared to 2012/13. These differences are investigated
next in more detail.

Calculated daily sublimation rates at AWS2 varied between 0.6 mm
d™ and 2.6 mm d', with an average rate of 1.4 mm d™' for the two-year
period. Comparable sublimation rates were found on glaciers in the semi
arid Andes further north: MacDonell et al. (2013b) modeled a mean daily
sublimation rate of 1.3 mm d~' on Guanaco glacier, a high-altitude (~ 5000
m a.s.l.) cold glacier at 29.3° S, while Gascoin et al. (2011) reported a mean
sublimation rate of 2.5 mm d from a suite of lysimeter experiments in the
same area. On Universidad Glacier, such sublimation rates represented
only a small fraction of ablation (3—6%), compared to the high sublimation
ratio reported for the semi arid Andes (70-90%). This is because warmer air
temperatures and higher humidity on Universidad Glacier increase long
wave radiation from the atmosphere, which partly offset the long wave
radiation lost from the glacier surface. On high-altitude, semi arid glaciers
~ 50% of the energy gained in summer (Nov—Apr) from net solar radiation
is removed by the net long wave radiation loss; this amount decreases to
~ 30% on Universidad Glacier. In addition, cold glaciers have a larger cold
content to be removed at the end of winter compared to the temperate
ice on Universidad Glacier, so that much of the net positive energy flux is
initially used to warm the glacier surface.

Comparison Between 2012/13 and 2013 /14

The continuous meteorological record at the lower weather station AWS2
enables closer investigation of the differences in meteorological and energy
balance conditions that led to greater ablation and reduced annual mass
balance in 2013 /14 compared to 2012/13. The difference between monthly
mass and energy fluxes as well as for key meteorological conditions are
presented in Table 5.11, with the color scale highlighting the relative
magnitude of the differences between both years. Differences in mass
fluxes over the period with available data in both years (December to April)
show increased melt in December but moderately less melt in January and
Apiril for 2013/14 compared to 2012/13. Differences in sublimation and
melt water refreezing rates are comparatively small between both years.
In terms of energy fluxes, the net surface energy balance (F) was larger
in December but smaller or similar in all other months. This increase in
excess energy explains the larger melt rate in 2013 /14 compared to 2012/13.
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Breaking down the respective energy contribution to F shows that a large
increase in the net shortwave radiation (SW¥) flux occurred in December
2013/14, as discussed qualitatively earlier, while moderate decreases in
SW* occurred later, in January and April. About 40% of the December 2013
increase in SW* is due to higher incoming solar radiation (SWin), which
itself correlates with decreased cloudiness during that month, as captured by
the cloudiness factor (Table 5.11). A much decreased albedo (—0.23) explains
the remaining December 2013 increase in SW* compared to 2012 (Table
5.11). The persistence of winter snow as well as snowfall events in mid- to
late December 2012 increased the albedo significantly during that month
compared to the previous year (Fig. 5.21). Although the meteorological

Table 5.1 Monthly and summer (Nov-April) mean/total differences in simulated mass and
energy fluxes and measured meteorological variables at AWS2. Differences are computed as
2013/14 minus 2012/13. The color scale highlights the most negative (blue) to most positive
(red) differences (0 = white). The color formatting is applied separately for energy fluxes
(Wm™), mass fluxes (mm w.e.), and meteorological variables. For the latter, the mean
standardized difference is used in order to account for the different measurement scales, but
absolute difference values are shown in the table with their respective units.

Dec Jan Feb Mar Apr Mean/total
Ablation (mm)
melt -82 -5 - 82
Sublimation -22 9 16 -15 -21 -33
Refreezing -15 0 0 0 1 -14
Energy fluxes (Wm>)*
F -20 1 -21 3
SW 7 =
SWin 9 -17 -15 -5
Lw* -14 8 4 0
Qs -5 5 10 -14 -10 -3
QL -12 -20 14 6 2
QG 11 -3 0 13 -4
Meteorological variables
AirT (°C) R o 03 03 10 0.3
RH (%) -3.9 -0.9 -10.5 7.9 0.3 -1.4
Windspeed (ms™) -0.5 0.0 0.5 -0.3 -0.1 -0.1
Albedo [] 002 o000 -oor [EEEN oo
Cloudiness [] -0.09 -0.04 0.06 0.09 0.03

* Positive fluxes are toward the surface
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Fig. 5.21 Daily mean albedo at AWS2 between 25 November 2012 and 23 April 2014. Daily
averages were calculated after excluding data with a solar zenith angle larger than 65°. The
shaded areas highlight the summer period (Dec-Apr) discussed in section 4.2.

record only begins in late November 2012, the albedo prior to that must
have been even higher since winter snow was still present, and melt largely
suppressed compared to the year, when the snow cover disappeared in
mid-November and the exposed ice lowered the albedo to ~ 0.20 (Fig. 5.21).
Despite warmer air temperatures in December 2013 compared to 2012, no
increase in the net longwave (LW*) or sensible (QS) heat fluxes are noted.
The moderate decrease in SW* in January 2014 compared to 2013 was
mainly due to increased cloudiness, while that in April 2014 was caused
by a combination of increased cloudiness and a higher albedo resulting
from earlier snowfall.

Conclusions

This chapter has outlined the methodological framework and initial
results of a two-year monitoring effort on Universidad Glacier, a large
valley glacier in the central Chilean Andes. Given the remoteness of this
glacier, only a sparse network of mass balance stakes could be maintained
during the period, and calculation of the glacier-wide mass balance was
based on mass balance gradients to extrapolate point observations. The
glacier-wide mass balance was slightly negative in 2012/13 (B, = -0.32 +
0.40 m w.e. a™') but much lower in 2013/14 (B, = -2.53 + 0.57 m w.e. a™),
due to increased summer ablation. Analysis of the meteorological records
collected at two on-glacier automatic weather stations revealed that the
summer (November—April) energy balance is largely dominated by the net
shortwave solar radiation flux (SW*), and that this flux was significantly
larger in early summer 2013/14 compared to 2012/13. Hence our results
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indicate that significant inter annual differences in ablation can occur in
response to inter annual variations in net solar radiation. These were caused
by (i) variations is snowfall rate and timing, which changes in albedo,
and (ii) varying cloudiness. The persistent snow cover in November 2012
combined with fresh snowfalls in December 2012, a period when ablation
is expected to increase rapidly, have had a very strong effect on the annual
mass balance by drastically reducing ablation in the early ablation period.
Hence, even in the absence of significant differences in air temperature
between both years, large differences in ablation still occurred through
albedo and cloudiness feedbacks on the net solar radiation flux. The current
drought conditions affecting the extratropical region of Chile could not
only reduce mass balance through decreasing snow accumulation, but
also through increased ablation resulting from an earlier exposure of the
ice surface in the ablation zone and a corresponding decrease in albedo.
Continued monitoring or mass balance reconstruction using geodetic
methods and/or modeling will be needed in order to interpret these results
within a longer-term perspective.
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CHAPTER O

Participatory Monitoring of the Impact
of Watershed Interventions in
the Tropical Andes
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Introduction

This chapter documents the efforts of building the Regional Initiative
for Hydrological Monitoring of Andean Ecosystems (iMHEA). First, we
explain the background and motivations that led to the formation of a
diverse consortium of institutions with a joint interest. Then we present
the methodological approach that the monitoring network has adopted.
Lastly, we discuss in brief the main results, the most relevant milestones and
breakthroughs, and the major challenges remaining and perspectives in the
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scientific, technological and social domains. We argue that the correct use
of the generated knowledge, from community level to national governance
entities, proves crucial to increase catchment intervention efficiency and
improve water resources management.

The tropical Andes are hotspots for ecosystem services provision
and environmental change. The naturally high diversity of geographical
and climatic characteristics results in equally variable and non-stationary
hydrometeorological features (Vuille et al., 2000; Manz et al., 2016; 2017;
Ulloa et al., 2017). These characteristics are closely related to the large
portfolio of ecosystem services, especially in terms of the scale and
variability of the discharge of rivers that support up- and downstream
livelihoods. However, this region suffers from extensive data scarcity and
an acute lack of understanding on how to leverage ecosystem services to
support human development (Célleri and Feyen, 2009; Balvanera et al.,
2012). One of the reasons for this is that the official national monitoring
networks do not have an ecosystem assessment focus, and tend not to cover
remote headwater areas (Célleri et al., 2010; Buytaert et al., 2016; Martinez
etal., 2017), and therefore are not ideal to study the nature, distribution and
evolution of hydrological ecosystem services. These issues, in combination
with rapid changes in land use and climate, as well as increasing population
and water demand, put severe pressure on water resources (Buytaert and
De Bievre, 2012).

Changes in land use and land cover, which are driven by anthropogenic
pressure from local users and by increasingly intensive watershed
management, have a large impact on hydrology and ecosystem services.
In the last decades, local research has delivered relevant knowledge about
the natural hydrological regime of Andean catchments and the impacts
of several human activities that are commonly detrimental to water yield
and hydrological regulation, e.g., Luteyn (1992), Inbar and Llerena (2000;
2004), Diaz and Paz (2002), Hofstede (2002), Bruijnzeel (2004), Farley et al.
(2004), Buytaert et al. (2002; 2004; 2005; 2006a; 2006b; 2007), Célleri et al.
(2007), Favier et al. (2008), Quichimbo (2008), Tobén (2009), Crespo et al.
(2010; 2011; 2012), Carlos et al. (2014), Cérdova et al. (2015), Mosquera et al.
(2015), Padron et al. (2015), Ochoa-Tocachi et al. (2016a; 2016b). However,
the effectiveness of different interventions in the region, be it in a context
of ecosystem management, payment for ecosystem services, adaptation to
climate change or investment in green infrastructure in watersheds, is far
off from being thoroughly assessed or even fully understood. For instance,
many catchment conservation strategies and common restoration efforts,
such as re- or afforestation, have not been evaluated properly for their
hydrological benefits and are often based on a very limited local evidence
base. Additionally, those which consider the necessity of generating new
knowledge about the natural environment, such as several climate change
adaptation initiatives in mountain areas, are responding to information gaps
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by putting significant efforts in glacier monitoring. But the information gap
for an effective watershed management in high-elevation and headwater
areas persist, as such monitoring sites cannot capture the impact of
interventions.

Emerging from a local awareness about the need for better information
on ecosystem services, a partnership of academic and non-governmental
institutions triggered the use of participatory hydrological monitoring
to address this gap. In 2009, they formed the Regional Initiative for
Hydrological Monitoring of Andean Ecosystems (iMHEA), which leverages
the growing availability of inexpensive and robust sensor technology
(Buytaert et al., 2014). The iMHEA network is a consortium of institutions
interested in generating and strengthening the hydrological knowledge
of Andean ecosystems to improve decision making on water resources
management in this region. Increasing the knowledge of hydrology and
meteorology in Andean catchments involves the implementation of new
monitoring, in a way that ensures optimal complementarity with existing
monitoring networks (Célleri et al., 2010). The iMHEA recognizes the role
of water and environment authorities and of the offices of hydrology and
meteorology as the rectors of water resources management in each country,
and as a way to complement their efforts of data generation, they propose
a bottom-up approach in which civil institutions can contribute with local
scale and headwater monitoring.

The iMHEA network uses a design based on a ‘trading-space-for-
time approach’ (Célleri et al., 2010; Buytaert et al., 2014; Ochoa-Tocachi
et al., 2016b) illustrated in Fig. 6.22. This concept relies on strengthening
the statistical significance of an intervention signal by monitoring several
catchments in a regional setting (Buytaert and Beven, 2009; 2011; Oudin et
al., 2010; Singh et al., 2011; Sivapalan et al., 2011; Wagener and Montanari,
2011). The increased number of monitoring sites also allows for a robust
regionalization of the results by covering different ecosystems with diverse
physiographic characteristics and contrasting land uses and degrees
of conservation/alteration (Ochoa-Tocachi et al., 2016b). The proposal
recommends the use of paired catchments, which allows comparisons on
the short-term; however, single catchments can be monitored to analyze
long-term changes using a baseline of several years to capture inter annual
climatic variations and analyze non-stationarity.

In this way, the establishment of a ‘minimum’ hydrological monitoring
in several sites is of a higher priority than implementing detailed
monitoring in few locations. Such an indispensable monitoring consists of
the measurement of rainfall and stream flow at high temporal resolution
and at micro-catchment scale. To maximize the usefulness of these data for
national hydrometeorological offices and local partners, the selected sites
are commonly located in areas with low density of stations. The generated
data will potentially have different characteristics and quality, which is
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Fig. 6.22 Concept of space-for-time substitution. (a) Long-term monitoring allows to identify
trends and changes in time when a perturbation has occurred. (b) Paired catchments reduce
the monitoring length by adding a spatial variable to the analysis and comparing watersheds
under contrasting conditions. (c) The replication of the perturbation in several sites or the
consideration of different conditions in a monitoring network provides a robust framework
in which to analyze impacts and facilitate the regionalization of results.

determined by the specific purposes of the local partner; however, the high-
spatial and short-temporal resolution of these data is highly compatible
to the long-term and low-spatial density of national networks (Buytaert
etal., 2016).

iMHEA aims to tackle data-scarcity in the Andean region by generating
information using a participatory environmental monitoring framework.
As such, iMHEA is not a formal network but is aimed mostly at promoting
exchange of information and experience, and involves the movement of
resources from different partners and funding sources. The good quality
of the data is achieved through a partnership with research institutions
(Célleri et al., 2010). Therefore, the entry threshold for local partners to the
network is relatively low and accessible. The monitoring system includes an
institutional agreement between local communities and users of water and
land, local governments and institutions of development, research groups
and universities, and monitoring networks at national and regional scales
(Fig. 6.23). The engagement and experience of local users are critical for the
success of monitoring activities, and the interaction between the several
different stakeholders is necessary to achieve long-term sustainability. The
involvement of local universities and research groups working in the areas
of influence guarantees scientific rigor and robustness in the generated data.
This interaction between the general public and traditional scientists is often
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Fig. 6.23 Institutional agreement in a participatory monitoring framework. The diverse
partners in the network commit to different activities depending on their capacities and
resources and obtain benefits for their own objectives and purposes.

referred to as citizen science (Buytaert et al., 2014), and has a strong potential
to tackle data-scarcity in remote regions, such as the tropical Andes.

Lastly, a key element of the philosophy of iMHEA is that “information
that is not shared is useless”. Therefore, as a fundamental principle, the
generated data and the derived knowledge is shared in common standards
and at different levels. The information produced at a local scale can be
used to draw regional conclusions about the hydrology of the Andes. This
monitoring system aims to generate data at mid- and long-term to allow
analyses of hydrological changes in time and consistent support of decision
making. The iMHEA holds annually an Assembly of stakeholders to provide
a space for reflection and action, as well as organizes international courses
on Andean hydrology and hydrological monitoring for diverse audiences.
Consequently, the newly generated information and knowledge can be
useful and usable to achieve the objectives of water and land users, local
partners, research groups and national institutions.

In this chapter, we present the methodological guidelines for a
participatory hydrological monitoring of Andean ecosystems. The objectives
of this hydrological monitoring system are to ensure that the observatories
in each watershed will generate standardized data that can be used in future
studies and assessments of ecosystem services. Such objectives are: (i) to
increase the knowledge about hydrological ecosystem services in Andean
watersheds, especially but not limited to water availability and hydrological
regulation; and (b) to increase the knowledge about the impacts of
watershed interventions (i.e., changes in land use and land cover, adaptation
measures, deforestation, afforestation, restoration, etc.) (Ochoa-Tocachi
etal., 2016a). Once good base information about hydrological processes and
their relations exists, different models can be calibrated adequately with
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these data to support extrapolation and regional analyses (Ochoa-Tocachi
etal., 2016b).

Hydrological Monitoring Setup
Monitoring methodology

In order to support the technical aspects of setting up the monitoring
and to maximize the compatibility and consistency of data produced by
each location, a core team within iMHEA designed a detailed monitoring
protocol (Fig. 6.24).

Identify data needs
and relevant metrics
for the assessment

Survey of catchment
physiographic
characteristics

| I

|

Use electronic tipping Build infrastructure,
bucket rain gauges use electronic water Particular data needs
and manual level sensors, and for the menitored
pluviometer manual observations catchments

Data curation,
processing, and
visualization

Summarize the
available data to
answer the relevant
questions

Develop and use
_—— relevant models and
tools for the regicn

Fig. 6.24 Flowchart of procedure steps for the evaluation of watershed interventions. These
steps are explained in detail in the monitoring protocol.
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The minimum variables to be monitored are:

¢ Catchment physiographic characteristics.
e Rainfall inside the catchment.
e Stream flow at the outlet of the catchment.

With this information, a simple water balance equation can be used to
estimate the total amount of water consumed by vegetation, evaporated
from free water surfaces, infiltrated to the deeper soil strata and stored
in the soils. The length of monitoring (at least one hydrological year)
and the impermeable rocks generally found beneath the soils of Andean
catchments (Buytaert et al., 2007), allows the assumption of equilibrium
in the sub surface storage volumes. Therefore, the difference between
rainfall and stream flow can be considered as a good approximation of the
evapotranspiration in the catchment.

However, such assumption may not necessarily be true in all cases.
Deep permeable soils may occur in some regions sustaining large aquifers
(Buytaert et al., 2006b; Favier et al., 2008). Therefore, a careful selection of
the catchments, ideally with the assessment of an experienced hydrologist,
would help minimize potential issues due to the simplification of the water
balance or to monitor those elements that influence greatly on such balance
(Fig. 6.25(a)).

At the same time, this protocol recommends the monitoring of the
hydrological variables using automatic electronic equipment supported by
manual measurements. It has been observed that automatic measurements
are more cost-effective than manual measurements (Célleri et al., 2010;
Buytaert et al., 2014). Nevertheless, electronic equipment is also prone to
failure or decalibration, in which cases the use of manual measurements
guarantees a correct quality control and validation of the generated
information.

Catchment Physiographic Characteristics

The main physical catchment attributes must be surveyed at the beginning
of the monitoring project. The outlet of the catchment is defined at the point
where the flow gauging station will be located. The key physiographic
characteristics are: (i) those necessary to understand the functioning of the
catchment (e.g., area, elevations, slopes, soils); and (ii) those necessary to
compare with other catchments (e.g., land use and land cover, watershed
interventions, special features). Generally, this characterization is done
thoroughly once at the beginning of the project, due to the slow rate of
change in such parameters, but it can be updated periodically if necessary
(e.g., annually).
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Fig. 6.25. Pictures depicting several steps in the iMHEA protocol: (a) Selection of monitoring
catchments in Tambobamba, Peru, by a group of hydrologists, local partners and users of
land and water. Photo: Boris Ochoa-Tocachi, 2011. (b) Example of a tipping bucket rain gauge
with a resolution of 0.2 mm installed in Lloa, Ecuador. Photo: BOT, 2014. (c) Local partners of
iMHEA installing a rain gauge in Piura, Peru. The rain gauge accuracy is revised using static
and dynamic calibration methods on a regular basis. Photo: BOT, 2012. (d) A weir located
at the outlet of an iMHEA catchment in Ica, Peru. The V-shaped section of the weir allows
an accurate monitoring of low flows. Photo: Junior Gil-Rios, 2015. (e) A weir located at the
outlet of an iMHEA catchment in Huaraz, Peru. The composite triangular-rectangular section
allows the monitoring of high flows. Photo: JGR, 2014. (f) A weather station is located at a
central location between the iMHEA catchments in Lloa, Ecuador. The monitoring of several
climatic variables, in this case temperature, relative humidity, solar radiation, wind velocity
and direction and rainfall, allows for a more accurate calculation of evapotranspiration. Photo:
BOT, 2014. (g) Example of a tipping bucket rain gauge in Lloa, Ecuador, with some litter
retained in the filter. Photo: BOT, 2014. (h) Hydrological monitoring of two catchments under
different levels of conservation/alteration in Cochabamba, Bolivia. A local farmer contrasts
visually (left) a highly degraded catchment produced by cultivation and overgrazing, against
(right) a relatively conserved catchment situated closely to the former. In what we refer to
as the ‘Placebo iMHEA effect’, local users recognize the relevance of monitoring impacts,
even before seeing any data. Photos: Luis Acosta, 2012. (i) Highly seasonal catchment in
Tambobamba, Peru. In puna, the landscape is markedly different during the (left) dry season
and the (right) rain season. Photos: BOT, 2012, 2013. (j) An International Course on Andean
Hydrology and Hydrological Monitoring organized by Nature and Culture International,
CONDESAN, the University of Piura, Peru, and iMHEA in Piura in 2013. Photo: BOT, 2013.
(k) A group of farmers in a meeting with local decision makers and hydrologists from iMHEA
in Pacaipampa, Peru. Photo: BOT, 2012.
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The main characteristics are:

e Catchment area and shape (indicating the calculation method, for
instance, using a topographical map at 1:10,000 scale or GPS surveying).

e Elevation map, maximum and minimum points (location of the flow
gauging station).

¢ Average catchment and riverbed slopes (indicating the calculation
method).

e Initial characterization of land use and land cover (indicating the areal
percentage of land cover, the land uses identified in the catchment, and
the identification method).

® Soils and geology maps and characteristics (especially soil hydro-
physics).

e Special features that can influence in the occurring hydrological
processes (e.g., permeable bedrocks), or in other hydrological
ecosystem services (e.g., important sediment transport and deposition
due to the presence of roads).

This information can be organized using a standard iMHEA Inventory
Form for each monitored catchment. A map of the catchment(s) at an
appropriate scale must contain these elements, including the location of
any equipment, monitoring points and operational routes.

Monitoring of Precipitation

Rainfall is the main component of precipitation in Andean catchments
(Padroén et al., 2015), and is monitored using electronic tipping bucket
rain gauges (Fig. 6.25(b)) and validated with manual measurements
using a pluviometer. The rain gauges must have a resolution of at least
0.254 mm (0.1 in), but typically 0.2 mm and ideally 0.1 mm. Each rain gauge
provides event rainfall data (time to tip), which is then aggregated at fixed
time intervals depending on the posterior analysis. Such aggregation can
be done simply by counting the number of tips during a time period or
using linear interpolation (Ciach, 2003) or other techniques, for instance,
a composite cubic spline interpolation on the cumulative rainfall curve
(Sadler and Brusscher, 1989; Wang et al., 2008).

A correct measurement of precipitation, which implies regional
representativeness, is conditioned by several factors such as reducing wind
effects (World Meteorological Organization, 2012; Mufioz et al., 2016). The
location of rain gauges must be chosen in such a way that wind velocity
at the flume is as low as possible. When possible, both the rain gauge and
the manual pluviometer should be protected against wind effects in all
directions using natural or artificial elements but located at a distance of
at least twice the height of such elements to avoid rainfall interception.
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Additionally, the rain gauge must be leveled and installed at a standard
height of 1.50 m above the ground (Fig. 6.25(c)).

The manual pluviometer must have a ruler with minimum graduations
of 0.2 or 0.1 mm (i.e., the same as the automatic rain gauge resolution). To
ensure accurate measurements, the maximum error of such graduations
must not exceed + 0.05%. In areas with snowfall occurrence, the equipment
must be located above the maximum expected snow height accumulation
in the ground. Additionally, an antifreeze substance must be used to melt
ice and snow falling in the pluviometer without exceeding one third of
its total capacity. On the other hand, to avoid evaporative losses from the
pluviometer, the equipment must minimize heat absorption (e.g., using
clear colors that reflect most on the incident sunlight), and could use a thin
layer of oil (= 8 mm) to prevent evaporation.

Monitoring of Stream Flow

Discharge is usually estimated as a function of water level at a gauging
station, which has the function to facilitate the generation of continuous
and systematic measurements to calibrate a stage-discharge curve (World
Meteorological Organization, 2008). The water level is monitored using
automatic electronic sensors, mainly pressure transducers and ultrasonic
devices, and validated with manual observations. The gauging station
must feature a control section (e.g., a weir or a stable river section) with
known geometric characteristics unchanged over time, and able to contain
the total discharge at the outlet of the catchment (Fig. 6.25(d)). The manual
observations must be obtained using a ruler with graduations of 1 mm.

In mountain streams with moderate flows, such as those in Andean
catchments, the discharge can be monitored using a sharp-crested weir
equipped with automatic pressure transducers. The composite weir would
teature a V-shaped section for low flows and a triangular-rectangular section
for high flows (Fig. 6.25(e)). In lowland streams with sustained high flows
and important sediment transport, such as those in Andean-Amazonian
catchments, a weir is not recommended. After an appropriate hydrological
assessment, the gauging station can be placed in a completely stable natural
river section or building a canal structure such as a Parshall flume to avoid
sediment deposition. The use of ultrasonic water level sensors is also
recommended in this case.

The World Meteorological Organization (2008) recommends the following
for the location of the flow gauging station:

¢ Identify a straight reach of approximately 100 m upstream and
downstream to the monitoring station. This is sometimes impractical
in Andean catchments, where reach lengths of approximately 10 m
have been sufficient to provide stable values of discharge.
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e The total flow must be confined in the control section for the entire
range of water stage, avoiding the occurrence of subsurface flow.

® The control section must avoid erosion, sediment deposition and
changes in geometry.

* The riverbanks must be stable and sufficiently tall to contain floods.

¢ In the case of using a weir, the water level must be monitored upstream
of the control section at a distance of at least three times the maximum
water level above the crest to avoid effects from the contraction of the
water sheet.

* The velocity of water approaching the weir must be less than 0.15m s™.
e Strong water level fluctuations in the stream surface must be avoided.

e The station should be sufficiently secure and accessible to allow taking
measurements even when there is presence of ice, solids, sediments or
high floods.

To calibrate the stage-discharge curve (World Meteorological
Organization, 2012), simultaneous measurements of discharge and water
level are needed along a range of flow rates. Although a control structure can
be used in the gauging station, the theoretical equation needs to be calibrated
under operational conditions to reduce errors in the estimation of discharge
(USDI Bureau of Reclamation, 2001; Guallpa and Célleri, 2013). When flows
are low, a volumetric method can be sufficient to estimate the discharge by
dividing a measured volume over a period time. When flows are moderate
and laminar, the discharge can be measured using the velocity-area method
dividing the gauging section in several subsections and measuring velocity
at different depths. When flows are high and turbulent, a dilution gauging
method can be used, for instance, using table salt and measuring the electric
conductivity that is related to substance concentration and discharge. In all
cases, the discharge measurements must be repeated consecutively at least
three times recording the water level, date and time of each observation.

Other monitored variables

Although not required, many iMHEA partners engage in monitoring of
other variables, which provide added value for their particular management
context. Examples include (i) monitoring of other meteorological variables
such as temperature, humidity and wind speed /direction, (ii) soil properties,
(iii) geological characterization and, (iv) tracer monitoring.

An approximation of evapotranspiration can be obtained using rainfall
and stream flow on an annual basis, shorter-term time scales would require
local meteorological data to improve the calculation, e.g., (Cérdova et al.,
2015). These data generally include air temperature, relative humidity,
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solar radiation, wind velocity and direction, and air pressure. A weather
station can be located at a central location within a catchment or a group of
catchments, generating data at least at an hourly basis (Fig. 6.25(f)).

At the same time, the effects of different watershed interventions on
local hydrological ecosystem services are strongly linked to their impacts on
soil properties. For example, soil compaction under overgrazing (Sarmiento,
2000; Diaz and Paz, 2002; Quichimbo, 2008) or enhanced soil infiltration
in forested catchments (Bruijnzeel, 2004; Tobon, 2009; Beck et al., 2013a).
Therefore, an extensive characterization of soil properties can improve
the understanding of local hydrological processes. Similarly, an accurate
identification of geologic influences (e.g., permeable rocks, aquifers, faults)
can improve the posterior interpretation of results. This characterization
can be complemented with tracer monitoring, for instance, using natural
occurring isotopes (Mosquera et al., 2015).

Considerations for the Monitoring Design and Operation
Spatial scale, density and coverage of monitoring stations

Itis important to obtain data at scales that are hydrologically representative
of the ecosystems in the surrounding area. Commonly, the catchment of
interest hosts various ecosystems or land uses (e.g., grasslands, forests,
degraded areas, plantations), and thus the observed variables may not
capture the hydrological signals of individual characteristics. In this case,
it is difficult to attribute the stream flow response to a single land use or
land cover that impacts on the hydrological functioning of an ecosystem.

Ideally, a catchment must host a homogeneous land use and land
cover; however, this may be problematic in practice, especially for large
catchments. For instance, Bosch and Hewlett (1982) found that impacts
on stream flow due to changes in forest cover of less than 20% cannot
be detected. Therefore, this protocol recommends that the monitored
catchments must be smaller than 15 km? and have a single land use or land
cover in at least 80% of their areas.

Similarly, other problems are present in small catchments (< 0.2 km?).
For example, in high Andean grasslands with significant wetland areas,
sub surface water flow can become important. As only a fraction of the
total discharge is effectively measured, the unmonitored circulation of
water in the soil without draining to a common stream would invalidate
the assumption considered to close the water balance. Another problem of
small catchments is their regional representativeness, for instance, in terms
of slopes, shape, storage capacity, or water yield, e.g., Mosquera et al. (2015),
which could complicate the extrapolation of results to larger catchments
(Ochoa-Tocachi et al., 2016b). In any case, the design must ensure that the
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total outflow can be monitored at the outlet of the catchment, avoiding zero-
order basins, i.e., catchments without a permanent, defined discharge canal.

In terms of equipment, the number of stations necessary to measure
rainfall depends on the catchment area and the expected spatial rainfall
variability therein. For instance, Buytaert et al. (2006a) and Célleri et al.
(2007) have found great differences in precipitation at small distances in
mountain catchments of southern Ecuador. In these cases, a sub- or an
over-estimation of total rainfall can lead to an erroneous application of
the water balance equation, and thus to draw mistaken conclusions about
the impacts of different watershed interventions. Furthermore, Padrén et
al. (2015) argue that tipping bucket rain gauges may underestimate total
precipitation by around 15% when rain falls mainly as low intensity events.

As a general rule, at least 2 rain gauges must be installed in each
catchment even when these are small (< 1 km?). Most of the iMHEA
monitoring sites are equipped with 3 rain gauges at representative low,
middle and high elevation points within the catchments (Ochoa-Tocachi
et al., 2016a). This also allows to validate and correct the measurements or
fill data gaps when one of the sensors fails, for example, due to battery or
memory issues or inlet obstructions.

Frequency of Automatic Data Acquisition

Due to the rapid hydrological response of small catchments to precipitation
events, flows can reach peak values in only a few minutes. Therefore,
the frequency of data logging must be high, minimum at an interval of
15 minutes, but ideally 5 minutes. Most of the iMHEA's sites generate data
at a high temporal resolution of 5 minutes, in order to identify impacts on
the short-term hydrological regulation that can pass unnoticed on daily
aggregated indices (Ochoa-Tocachi et al., 2016a).

Data stored by automatic sensors must be gathered approximately
once a month. Although the most advanced sensors may have the capacity
to store large amounts of data, the tough climatic conditions of Andean
catchments increase the need of sensor maintenance. For example, some
technicians have reported obstructions in the rain gauge flumes due
to the presence of forest litter or small animals even in shorter periods
(Fig. 6.25(g)). Another problem can be the limited capacity of batteries and
data loggers to function for longer periods. Both issues may result in the
loss of important data between the visits.

Monitoring Design for Impact Evaluation

Two general approaches are common to assess the impacts of land use and
land cover change or other watershed interventions on local hydrology
(McIntyre et al., 2014): long-term analysis and paired catchments.
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However, in both cases quantifying these impacts is complicated by the
difficulty of distinguishing the effects of changes in land use from those
that are due to natural climatic variability or other confounding factors
(Ashagrie et al., 2006; Bulygina et al., 2009). In long-term analysis, even
though the same catchment is monitored before and after the change, the
influence of natural climatic variability may be different during the two
considered periods (Lerup etal., 1998). This is solved in the second approach
by monitoring the paired catchments under the same climatic conditions
and different land uses. However, all watersheds are unique and land use
is not the only factor that affects their hydrological responses (Bosch and
Hewlett, 1982; Thomas and Megahan, 1998; Beven, 2000; Brown et al., 2005;
Adams et al., 2012; Biederman et al., 2015). In iMHEA, although some sites
have robust combined before-after-intervention-reference setup (Fig. 6.26),
impact of an intervention is evaluated based on spatial comparison rather
than changes over time. On balance, the ability of paired catchments to
deliver more rapid answers, makes it the preferred approach.

Fig. 6.26 The ideal design of the paired catchments involves the temporal (before-after) and
spatial (control-intervention) dimensions. Although the definition of a baseline is more robust
under this design, a simpler setup of ‘control-intervention” has proven useful in many cases.

Paired-Catchment Monitoring

To understand the impacts of contrasting watershed interventions (e.g.,
different land use types), this protocol recommends the use of paired
catchments. This design is based on the comparison of the hydrological
responses of two catchments, where one acts as a reference of a particular
state and the other represents the intervention to be assessed. For example,
natural vs cultivated catchments, degraded vs restored catchments or
forested vs grassland catchments. Each catchment must be equipped
following the guidelines previously indicated.
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Fig. 6.27 Conceptual representation of the paired catchment setup. Under this design,
catchments are commonly collocated to minimize climatic differences. The resulting
hydrographs that characterize their hydrological responses are compared to identify the
impacts of different watershed interventions.

Under this design, catchments are selected in such a way that their size,
topography, soils, climate and other factors are as similar as possible, while
the watershed intervention to be evaluated becomes their only significant
difference. In this way, the discrepancies found (if present) in discharge
values or in the water balance can be attributed to such differences (Fig. 6.27).
To limit the variability in climatic and soil conditions, the catchments must
be located as close as possible to each other. This also reduces the efforts in
maintenance and operation works.

A major advantage of the paired catchment design is that important
differences in their hydrological responses can be identified in relatively
short time periods (e.g., 1 year), feeding rapidly into the decision-making
process. A careful analysis and interpretation of the results is necessary to
avoid an erroneous attribution of hydrological response impacts that are
due to other confounding factors.

Figure 6.28 shows an example of a paired catchment design in northern
Ecuador. The two selected catchments, Quebrada del Volcan (221 ha) and
Quebrada Kachiyaku (179 ha), are equipped with 1 weir with pressure
transducers and 2 rain gauges each, and 1 meteorological station that has
been placed in a central location (Fig. 6.25(f)). The monitoring is projected
to be maintained on the long-term to understand the ongoing hydrological
processes of these ecosystems, identify differences due to land use and land
cover, and to characterize subsurface water exchange mechanisms between
the catchments.

Long-Term Monitoring

To understand changes in the hydrological response of a catchment
over time (i.e., non-stationarity), each catchment monitored with the
recommended instrumentation can be analyzed individually. Although
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Fig. 6.28 Example of paired catchments monitored by local iMHEA partners in Lloa, Ecuador
(in Spanish). This site aims to understand the hydrological processes occurring in the humid
paramo of northern Ecuador, including the impacts of grazing exclusion, restoration efforts
and deep water infiltration in the soils.

the principle of this protocol is to draw significant conclusions in the short
term using space-for-time substitution, the long-term monitoring of the
individual catchments can reveal important information. For example,
many restoration efforts will show results after several years, which can
be contrasted to an initial baseline. Under this design, the sustainability
of the monitoring sites is extremely important, and surely benefits from a
participatory approach and a strong institutional agreement.
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It is important to differentiate between controlled interventions (e.g.,
restoration efforts) and uncontrolled changes (e.g., climate change), and
between immediate impacts (e.g., infrastructure construction) and sustained
changes (e.g., land-use change). Moreover, the monitoring should be set
up ideally before the change to be assessed in order to generate a robust
baseline that allows for a meaningful comparison of long term effects. A
sensible combination of the paired catchment setup in the long term may
reveal significant results of the evaluated interventions (Fig. 6.22).

Data Processing and analysis
Defining and managing a database

A quality control of the generated data must be done immediately after the
data has been downloaded at every visit in order to identify errors (e.g.,
data outside the expected measurement range, such as negative water level
values) or suspicious measurements (e.g., extreme rainfall intensities). Data
must be curated thoroughly before their use in any posterior analysis. These
data should feed a structured and organized database that could potentially
have different purposes and users (Buytaert et al., 2012).

The high-resolution time series aggregated at different time intervals
(5,15, 60 minutes, or 1 day) may represent a large amount of information in
the long term. However, it is imperative to store the finest resolution data
to avoid losing important information that can be used in other studies
not necessarily thought at the beginning of the project. For instance, a local
partner may need daily values that can be obtained by aggregating the
high-resolution data; however, disaggregating information from a larger
to a shorter interval is not impossible without very restrictive assumptions
that could invalidate the results or input large uncertainties. Furthermore,
the high-resolution data can capture rapid hydrological processes and
changes therein that can be omitted in aggregated indices (Ochoa-Tocachi
et al., 2016a).

Hydrological Indices to Quantify Impacts

Hydrological indices are commonly used to summarize the hydrological
response of a catchment, its state of conservation, and the impact of
alterations. A large set of indices (also referred to as ‘signatures’) exist in the
scientific literature, e.g., Walsh and Lawler (1981), Hughes and James (1989),
Poff and Ward (1989), Richards (1989; 1990), Poff (1996), Poff et al. (1997),
Richter et al. (1996; 1997; 1998), Clausen and Biggs (1997; 2000), Wood et al.
(2000), Gippel et al. (2001), Baker et al. (2004), Mathews and Richter (2007),
Beck et al. (2013a). Poff and Ward (1989) and Richter et al. (1996) defined
five main components of the flow regime: (i) magnitude, (ii) frequency, (iii)
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duration, (iv) timing, and (v) rate of change in flow events. Olden and Poff
(2003) have extended this classification with sub categories for average,
low and high flows, and analyzed index redundancy and multicollinearity.

In the Andes, the great spatial variability of climatic conditions and the
only recent development of research on Andean hydrology have delayed
the development of indices to evaluate the hydrological response of these
catchments. However, the emergent generation of large amounts of data
requires the synthesis of information in a reduced set of hydrological
indices that can reflect clearly the impacts of human interventions.
Moreover, decision makers and local stakeholders require the presentation
and visualization of results and the quantification of ecosystem services,
including the associated uncertainty, in a common and understandable
language. For instance, the water yield can be characterized by the runoff
ratio, whereas the hydrological regulation is usually quantified in means
of the base flow index and the slope of the flow duration curve (Sawicz
et al., 2011; Ochoa-Tocachi et al., 2016b; Visessri and McIntyre, 2016).
The calculation and use of hydrological indices to evaluate ecosystem
functioning are simpler than other types of indicators (Pyrce, 2004), such
as hydraulic evaluations, habitat assessment or holistic approaches.

To optimize the available information, indices must be selected in such
a way that they are relatively independent (Sefton and Howarth, 1998;
Bulygina et al., 2009), well-defined to minimize ambiguity (Olden and Poff,
2003), and susceptible to represent the impact of changes in the catchment
(Archer et al., 2010). The use of indices to characterize the impacts of land-
use change on the hydrological response of Andean catchments can be seen
in Ochoa-Tocachi et al. (2016a).

Data Processing

Different methods exist to interpolate the tipping bucket rainfall data, but
a commonly used method uses a composite cubic spline interpolation
applied to the cumulative rainfall curve and then aggregated at different
time steps. This allows a smoother estimation of rainfall intensities than
simply counting the number of tips in a determined interval of time, which is
deemed more realistic (Fig. 6.29). A 1-minute or 5-minutes moving window
can be used to extend the calculation of rainfall intensities for different event
durations under consideration. The normalized seasonality index (Walsh
and Lawler, 1981) ranging from 0 (non-seasonal) to 1 (extremely seasonal)
can be used to compare rainfall regimes between several catchments.

The discharge data must be normalized prior to any comparison
between catchments, for instance, dividing by the catchment area (units of
mm or 1 s km™). For the calculation of some indices (e.g., runoff ratio) or
to apply the water balance equation, flow units are transformed to match
the rainfall units (mm). Daily flows can be used to calculate Flow Duration



Theit fal e frwn 17

Carmlat e rainkall T

Participatory Watershed Monitoring in the Tropical Andes 145

Hainfall event number 121

B".'.r O Fangaue iz
s Tlzcgurd- g -
----- =1 e El-lnn
Cngn Agioa imanpei
1 1 1 1 1
0 o 000 oo oo 10650 12060
ire Ir saxoads P B beginning ot e svert |5

a S0 00 e = Hwu} (AL} 120

Tire ir seseads (o e beginning ol e w1 [e

Fig. 6.29 Example of the calculation of 1-minute rainfall intensities based the tipping bucket
rain gauge data. The simple tip counting provides a good calculation of rainfall totals but fails
to provide realistic intensity estimations. Linear and polynomial interpolation techniques can
be used to obtain a continuous time series of rainfall intensities that are considered a more
accurate representation of real conditions.

Curves (FDC) and corresponding percentiles. Three indices are commonly
considered in several hydrological studies and for watershed management:

The Runoff Ratio (RR), calculated as the relation between average
annual discharge and average annual rainfall, and represents an
indication of water yield.

The Base Flow Index (BFI), calculated as the ratio between base flow to
total flow, e.g., Chapman (1999), Kabubi et al. (2005), Willems (2014),
and can be associated to the short-term hydrological regulation at
event scale.
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e The slope of the FDC, calculated between the 33rd and 66th flow
percentiles in logarithmic scale, commonly used as an indicator of
hydrological regulation (Olden and Poff, 2003; Ochoa-Tocachi et al.,
2016b). For example, a steep slope may indicate high flashiness in the
hydrological response to precipitation events, whereas a flatter curve
may represent a buffered behavior and larger storage capacity (Buytaert
et al., 2007; Yadav et al., 2007).

Extrapolation to Ungauged Areas

Although several stakeholders are interested in data for specific
watersheds, it is impractical to monitor every single catchment due to
several constraints, such as the limited amount of resources. However,
it is possible to regionalize the results obtained from the monitoring of
individual catchments to a broader context based on their hydrological
similarity (Sawicz et al., 2011) in contrast to their physical similarity, see
also Mufioz et al. (2016). The objective of such relationships is not only
to reduce the monitoring efforts (Correa et al., 2016), but to estimate and
predict the hydrological response of ungauged catchments and the effects of
different watershed interventions before their implementation. This allows
for approximating several impacts by relating the information generated in
a group of representative sites, including a quantification of the uncertainty
associated with these estimations.

Regional analyses are used to generalize results from data gathered in
the few monitored sites to ungauged basins and to account for differences
due to catchment uniqueness and spatial variability (Sivapalan, 2003; Beck
et al., 2013b). Two examples of regional models that are widely used in
other regions are the BFIHOST in the UK (Boorman et al., 1995) and the
Curve Number in the US (USDA, 1986). Predictions in ungauged basins
can be done through different methods (Parajka et al., 2013; Visessri and
Mclntyre, 2016), from which two regionalization approaches are widely
used (Bulygina et al., 2009; 2011; 2012):

¢ relationships between catchment attributes and model parameters,
e.g., Lamb and Kay (2004), McIntyre et al. (2005), Parajka et al. (2005),
Lee et al. (2006), Wagener and Wheater (2006), Young (2006), Beven
(2007), Wagener (2007), Buytaert and Beven (2009); and,

¢ relationships between catchment attributes and hydrological indices,
e.g., Berger and Entekhabi (2001), Brandes et al. (2005), Mazvimavi et
al. (2005), Shamir et al. (2005a; 2005b), Bardossy (2007), Yadav et al.
(2007), Longobardi and Villani (2008), Oudin et al. (2010), Zhang et
al. (2008), Pefia-Arancibia et al. (2010), van Dijk (2010), Krakauer and
Temimi (2011), Ahiablame et al. (2013), Visessri and McIntyre (2016).
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The second approach has been implemented to the iMHEA network
of paired catchments, where significant relationships were found between
variables that describe land use and land cover and most of the tested
hydrological indices (Ochoa-Tocachi et al., 2016b). Combining the paired
catchment setup with the common regionalization approach has proven
useful to improve both approaches (Fig. 6.30). Therefore, this design is seen
as a useful strategy to optimize data collection to support and improve
watershed interventions in data-scarce regions, such as the tropical Andes.

Current State of the iMHEA Network and Preliminary Results

Using a design based on a trading-space-for-time approach, over 30
catchments are currently being monitored for precipitation and stream flow
by 18 local stakeholders in 15 sites located in Bolivia, Peru, Ecuador and
Venezuela (Fig. 6.31). Where possible, one catchment is chosen such that it is
representative for a reference state, while a second catchment represents the
practice to be evaluated. The reference state may refer to either a conserved
condition in contrast to a human intervention, or a degraded catchment
without restoration activities or watershed management (Fig. 6.25(h)). The
network focuses on small, homogeneous headwater catchments (between
0.2 km?* and 10 km?) with a single land use or intervention in at least 80%
of its area. As observed in Buytaert et al. (2016), the data generated by
iMHEA is highly complementary to that of hydrometeorological stations.
Figure 6.32 shows rainfall data in the Piura Basin from SENAMHI, the
National Service of Meteorology and Hydrology of Peru, with stations
located from 0 to 3000 masl and from iMHEA with stations between 2500
and 3800 masl. It is clear that the estimated rainfall trend (linear regression)
as fitted on the SENAMHI stations underestimates precipitation in the
highlands, and that the definition of climatic zones in official documents,
e.g., Autoridad Nacional del Agua (2012), is far from realistic without the
inclusion of the newly generated data.

As expected, the analyzed data clearly reflect the dominant regional
climate patterns and the extraordinary wide spectrum of hydrological
response behavior of the tropical Andes. Ochoa-Tocachi et al. (2016a)
have summarized this range contrasting the perennially humid, highly
buffered stream flow behavior of wet paramos with the strongly seasonal,
flashy stream flow response of the drier puna (Table 6.12; Fig. 6.33).
Rainfall seasonality is controlled by latitude, with minimum values of
the seasonality index observed in the transition between the paramo and
the puna biomes, especially in the region of the Andes where elevations
are the lowest facilitating air fluxes. In other areas, the influence of the
Amazonian warm and humid air masses contrasts to the cold and dry Pacific
regime, generating notorious dissimilarities in both sides of the Cordillera
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Fig. 6.31 Map of the tropical Andes and location of the iMHEA monitoring sites. Those
represented a black up-pointing triangle where included in an assessment of the impacts of
land use on the hydrological response of Andean catchments (Ochoa-Tocachi et al., 2016a),
and where used to test the usefulness of paired catchments to regionalize land-use signals on
stream flow (Ochoa-Tocachi et al., 2016b).

(Fig. 6.25(i)). Despite these differences, natural Andean catchments are
characterized by high runoff ratios, indicating large water yields (Buytaert
etal., 2007; Mosquera et al., 2015), and smaller slopes of the FDC, which are
associated with a good hydrological regulation capacity and a base flow
dominated response (Buytaert et al., 2006b; Crespo et al., 2011).

Similarly, the impacts of land use are found to be influenced by several
factors, such as the catchments’ physiographic characteristics, the original
and replacement vegetation cover and soil properties and changes therein.
Such impacts commonly result in more variable stream flows and in
reduced water yields and worse hydrological regulation (Ochoa-Tocachi
etal., 2016a). Despite the hydrological properties of the original biome, the
effects of common human activities in the different Andean catchments
are consistent (Fig. 6.34). It has been observed that cultivation increases
flashiness and reduces low flows in particular (Sarmiento, 2000; Buytaert
et al., 2007). Grazing effects depend on animal density and may pass
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Fig. 6.32 Rainfall data from SENAMHI and iMHEA showing the complementarity of
information generated by multiple sources in a polycentric approach (Buytaert et al., 2016).

unnoticeable in aggregated indices (Crespo et al., 2011), but they have the
largest effect on the hydrological regulation. The afforestation of grasslands
with exotic vegetation affects the entire range of discharges (Buytaert et al.,
2007). Even though the specific magnitudes of such changes are variable,
these trends are consistent in the different Andean biomes studied by the
iMHEA network (Ochoa-Tocachi et al., 2016a).

An important case in point is afforestation with exotic species. When
large extensions of Andean highlands were forested with pine, local
authorities tried to replicate a successful experience to recover degraded
lands occurred in Cajamarca, Peru. However, most frequently, pine
plantations are introduced in non-degraded areas and, as seen in humid
paramo studies (Buytaert et al., 2007), they change water and organic carbon
retention and hydrological response features. We find similar trends in
afforested jalcas and punas, including important reductions in water yield,
mainly produced by higher evapotranspiration and canopy interception,
and major impacts on discharge, especially over low flows (Ochoa-Tocachi et
al., 2016a). Despite the negative evidenced impacts of afforestation on total
water production and local biodiversity (Hofstede et al., 2002), this practice
is still part of large regional efforts generally supported by the Ministries
of Agriculture of Andean countries. In the last years, local awareness has
increased recognizing such practices as productive interventions rather
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Table 6.12 Summary of the iMHEA catchment characteristics for the selected sites in Fig. 6.30.

Code Ecosystem Altitude  Area  Land-use Monitoring period

Units [typel] [m] [km?] [typel] [dates]

LLO Lloa

LLO_01 Paramo 3825-4700 1.79  Overgrazed 10/01/2013-27/01/2016

LLO_02 Paramo 4088-4680  2.21 Grazed 10/01/2013-27/01/2016

JTU Jatunhuaycu

JTU_01 Paramo 4075-4225 0.65 Overgrazed 14/11/2013-15/02/2016

JTU_02 Paramo 4085-4322 242 Overgrazed 15/11/2013-15/02/2016

JTU_03 Paramo 4144-4500 225 Natural ~ 13/11/2013-16/02/2016

PAU Paute

PAU_01 Paramo 36654100  2.63 Natural ~ 24/05/2001-16/08/2005

PAU_02 Paramo 2970-3810  1.00 Natural ~ 29/02/2004-31/07/2007

PAU_03 Paramo 3245-3680 0.59  Afforested 29/05/2004-31/07/2007

PAU_04 Paramo 3560-3721 155  Cultivated 27/10/2001-14/10/2003

PIU Piura

PIU_01 Paramo 3112-3900  6.60 Natural ~ 05/07/2013-12/12/2015

PIU_02 Paramo 3245-3610  0.95 Grazed 06/07/2013-13/12/2015

PIU_03 Paramo 3425-3860 131 Overgrazed 11/04/2013-23/10/2015

PIU_04 Forest 2682-3408  2.32 Natural ~ 23/06/2013-14/01/2016
Forest

PIU_07 Dry puna 3110-3660 7.80 Overgrazed 11/07/2013-15/01/2015

CHA Chachapoyas

CHA_01 Jalca 2940-3200  0.95  Afforested 18/08/2010-07/12/2015

CHA_02 Jalca 3000-3450  1.63 Natural ~ 18/08/2010-07/12/2015

HUA Huaraz

HUA_01 Humid puna 4280-4840 4.22 Natural 10/09/2012-20/06/2014
HUA_02 Humid puna 4235-4725 2.38 Grazed 10/09/2012-20/06/2014
HMT Huamantanga

HMT 01 Dry puna  4025-4542 2.09 Overgrazed 28/06/2014-03/03/2016
HMT_02 Dry puna 39884532  1.69 Overgrazed 26/06/2014-03/03/2016
TAM Tambobamba

TAM_01 Humid puna 3835-4026 0.82  Afforested 12/04/2012-02/01/2013
TAM_02 Humid puna 3650-4360 1.67 Natural 12/04/2012-16/04/2013
TIQ Tiquipaya

TIQ_01 Humid puna 41404353 0.69  Cultivated 02/04/2013-25/01/2016
TIQ_02 Humid puna 4182-4489 1.73 Natural 18/02/2013-25/01/2016
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Fig. 6.33 Hydrological response of natural Andean catchments in different biomes. Monthly
discharge (a) and monthly precipitation (b) evidence the higher seasonality of puna in contrast
to the more sustained regimes in pdramo and jalca catchments. Daily flows in jalca are more
stable as seen in the flow duration curves (c), while water yield (d) is higher in pardamo
catchments and much lower in puna. See detailed data in Ochoa-Tocachi et al., 2016a.

than mistakenly camouflaging them as conservation efforts. This has
made it possible to improve the identification of ‘more suitable” areas of
intervention and changing the approach towards the implementation of
conservation agriculture in degraded lands by leveraging the enhancement
in soil infiltration produced by tree roots to avoid or reduce erosive processes
(Bruijnzeel, 2004; Tobo6n, 2009; Beck et al., 2013a). However, adequate
watershed interventions using afforestation with exotic species in remote
Andean catchments is still far from being solved.

In the context of growing investment in climate change adaptation under
compensation schemes for ecosystem services in Peru,' iMHEA has started

U http:/ /www.leyes.congreso.gob.pe/Documentos/Leyes/30215.pdf
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to deliver useful information to multi-scale and multi-stakeholder decision-
making activities, especially in previously sub-represented ecosystems.
For example, the identification of livestock impacts on hydrological
regulation in puna highlands provides also quantitative and complementary
information on hydrological benefits of overgrazing elimination. Livestock
grazing increases soil bulk density, which results in reduced hydraulic
conductivity, increased overland flow and lower water yields (Diaz and
Paz, 2002; Quichimbo, 2008; Crespo et al., 2010). In areas where seasonality
and hydrological regulation are critical, water companies build expensive
gray infrastructure to secure water for large cities downstream during long
dry seasons. Recent changes in legislation now encourage companies to
fight catchment degradation to improve natural hydrological regulation
capacity. The sites provide a new generation of hydrological information
that allows for economic analyses to study green infrastructure feasibility
and cost-benefit comparisons between gray and green investments (Gammie
and De Bievre, 2015). For example, Fig. 6.35 shows a comparison of a set of
gray and green infrastructure options for Lima, Peru.

The iMHEA initiative has now drawn the attention of major donors in
the context of strengthening capacity for climate change adaptation, and
green infrastructure investments in general, as they require evidence of
the benefits of their investments. Other initiatives that are adopting the
approach are the booming Water Funds in Latin America and the green
infrastructure investments as they are promoted by recently approved
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Fig. 6.35 Comparison of gray and green infrastructure in terms of Costs per Effectiveness
(USD m~) from Gammie and De Biévre (2015). The iMHEA has started to feed hydrological
data into economic analyses to support large scale interventions, such as those to ensure
water supply for Lima, Peru.
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Peruvian legislation, being even compulsory in the case of water utilities
of medium and large cities.

Conclusions

The research builds upon several years of extensive study, as part of the
Regional Initiative for Hydrological Monitoring of Andean Ecosystems
(iMHEA), to characterize the hydrology of tropical Andean catchments. By
using data from a network of micro-catchments distributed from Ecuador
to Bolivia, the iMHEA aims to tackle the scarcity of data and knowledge
about the hydrology of high Andean catchments and the impacts of land
use and cover change and degradation on their hydrological response and
water yield, as well as those of many watershed interventions. By ‘trading
space-for-time’, we find consistent impacts and trends in the different
monitored biomes.

We recognize that a fixed common solution to the diversity of
hydrological issues in the Andes does not exist, but the methodology
proposed by the iMHEA has proven crucial to increase and strengthen the
knowledge of Andean hydrology. Knowledge of hydrological change at
this scale is limited but key, and this research output will significantly help
decision makers inform policies related to development and conservation.
Also, this network is an illustration of how information generated from
participatory monitoring schemes, such as iMHEA, proves to be extremely
relevant to overcome data-scarcity. The participatory nature of the network
allows also for more rapidly feeding into decision-making processes and
to promote mechanisms, opportunities and spaces to reflect, exchange
experiences and provide feedback more easily (Fig. 6.25(j)) and 6.25(k)).
The results provided by iMHEA may be used to improve water resources
management and the effectiveness of water conservation measures, and to
support further research in the Andean region. Furthermore, the advent of
new technologies and methods, as well as new questions that have been
raised in the last years, involves a faster evolution of the network, but it
certainly strengthens the route started a couple of years ago with promising
and highly expected results.

As noted in Ochoa-Tocachi et al. (2016b), this methodology can be
applied to evaluate human interventions both after their implementation (in
the monitored catchments) and before (predicting responses in ungauged
catchments). As the available database for human intervention assessment
grows, including more catchments covering different ecosystems,
characteristics and contrasting land use types and watershed interventions,
more robust extrapolations can be expected with a better quantification
of uncertainty. This approach is useful to generate information about the
impact of human interventions on catchment hydrology, especially in data-
scarce regions, but with potential application in other regions of the world.
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CHAPTER 7

A Framework for Agricultural Water
Management Support Following
the 2010 Maule Earthquake
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Introduction

Abrupt changes in the hydrologic system can severely alter environmental
functionality, requiring immediate emergency responses to facilitate
appropriate disaster management techniques. Disaster management has
therefore become increasingly important for mitigation actions. However,
emergency management of post-earthquake disasters largely focuses on
infrastructural and humanitarian threats, which has left a significant gap
in understanding of agricultural responses and potential for recovery. We
address this problem to aid improved farm recovery from earthquakes at
the food-water nexus, and ultimately, food security. Remote sensing—that
is, imagery datasets through satellite or aerial platforms—can provide
information about conditions that precede an abrupt disaster event and
improve a grower’s understanding of the impact, and consequently make
better management decisions (Joyce et al., 2009a).

Significant gaps in knowledge of hydrologic vulnerability and resilience
following earthquakes are best attributed to the unpredictability of the
time and location of an extreme event which need data collection prior to
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its occurrence (Geller, 1997; Hough, 2009). While comprehensive ground
measurements cannot be established in advance for an unspecified time and
place of an earthquake, remote sensing can supplement these gaps using
current and archived data. Remote sensing enables us to gather information
prior to agricultural damage, providing a technical opportunity to monitor
disaster response and recovery across a variety of temporal, spatial and
spectral resolutions (Joyce et al., 2009b). As a case study, we investigate
agricultural recovery from hydrologic damage at the field scale following
the 8.8 Maule earthquake by coupling ground and remote measurements.
We specifically investigate orchard recovery management from seismically
influenced waterlogging following the 2010 Maule, Chile earthquake.

Earthquake Hydrology

Earthquake-water dynamics are well studied, with observed connections
to a variety of behaviors that can include changes to groundwater supply,
surface water supply and water quality. These effects vary in timing and
magnitude, dependent on earthquake magnitude, distance to epicenter and
aquifer structure (Montgomery and Manga, 2003). Unexpected changes
in local hydrology can be especially problematic for crop management,
and hence threaten local food security. To improve our understanding of
agricultural management following abrupt environmental changes, this
study focuses on the effects of seismically related groundwater changes
on agricultural land use. Table 7.13 displays observed groundwater level
responses to a variety of earthquake magnitudes and locations. Varying
behaviors of earthquakes observed show groundwater connections,
positioning crop water distribution uniformity as vulnerable to such abrupt
hydrologic shifts. As the need to explore crop recovery from natural disasters

Table 7.13 Recorded seismic effects on groundwater levels following earthquake events
illustrate the frequency of earthquake impacts on groundwater behavior as well as the
unpredictability of hydrologic responses.

Year Location Magnitude A Depth (m) Author

1989 Loma Prieta, California, USA 7.1 -21.0 Rojstaczer and
Wolf, 1992

1993 Taiwan, China 7.3 1.0-11.1 Chia et al., 2001

1994 Parkfield, California, USA 4.7 -0.16-+0.34 Quilty and

Roeloffs, 1997
1997 Tono, Japan 5.8 -0.29-1.8 King et al., 1999
2004 Japan 9.0 +/-5.0 Kitagawa et al.,
2006

2010 Canterbury, New Zealand 7.1 5.0-20.0 Coxetal., 2012
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is clear, we narrow our focus on local decision-making to facilitate crop
recovery in the wake of earthquake-induced waterlogging.

Waterlogging of Agricultural Soils

Waterlogged agricultural soils can adversely affect crop health, dependent
on factors such as time of flood, duration and crop affected. While
waterlogging during cold, dormant months is known to cause minimal
damage on dormant trees and crops, the same conditions during the
growing season can eliminate entire crops or orchards (Kozlowski, 1984).
Specifically, orchards and crops with poor drainage can suffer from hypoxic
soils (Crawford, 1982), vegetative diseases (e.g., phytophthora) and salinity
(Oster, 1994). It is thus important to better understand waterlogging effects
upon orchards, specifically how orchard crops recovery from temporary
waterlogging during the growing season. Capturing the spatial variation
and progression of crop health over time to such stress can be especially
useful for irrigation uniformity and responsible farm water management.
Such time and space analysis can be optimally understood through remotely
sensed imagery.

Remote Sensing in Agricultural Water Management

The usefulness and importance of satellite and airborne platforms for
emergency management based on sensor capacities is widely acknowledged
in the remote sensing community (Joyce et al., 2009a; 2009b). Joyce
et al. (2010) reviews the use of remote sensing imagery in emergency
management, identifying a large gap in understanding recovery to natural
disasters and emphasizing the need for collaboration among various
stakeholders to better understand disaster management in smaller niches
such as agriculture. It is therefore clear that the substantial need to improve
disaster response strategies in agricultural settings can be addressed in the
utilization of remote sensing technologies. Remotely sensed imagery has
been used to understand aspects of cropland recovery from disasters for
land-use planning (Burby et al., 2000). In this chapter, we investigated the
use of satellite imagery in a more narrow focus, specific to agricultural needs.
We direct remote sensing to capture spatial heterogeneity of agricultural
impacts following the earthquake event to pinpoint areas of orchard
vulnerability (canopy stress) and resiliency (canopy vigor).

Remote Sensing of Orchard Stress

In this study, it is important to note that apple orchards can tolerate
waterlogging during dormancy, but submergence during active growth—
suggested for any length of time—has been known to cause root death
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Fig. 7.36 A framework to support agricultural decision-making after earthquake events,
specific to remote sensing of earthquake-water dynamics Rodriguez et al. (2016).

(Faust, 1978). Waterlogging observations associated with the Maule
earthquake began in February 2010—Central Chile’s growing season.
To strategize remote sensing applications of this orchard following an
abrupt hydrologic change, we follow the newly introduced framework by
Rodriguez et al. (2016) for post-earthquake agrohydrologic remote sensing
(PEARS, Fig. 7.36). This approach navigates through remote sensing of crop
stress at the canopy, sub-canopy or subsurface level dependent upon the
hydrologic behavior associated with the earthquake and what can be sensed
from an aerial or orbital perspective—from which we will draw upon remote
sensing exploration of the orchard canopy. While waterlogged soils are a
sub surface impedance on tree health, summer orchard canopies are fully
open and thus intercept sub-canopy and soil reflectance. Waterlogged soils
can be visually identified with sufficient multispectral sensor data (Dwivedi
et al., 2009), using specific wavelengths (Zarco-Tejada et al., 2012), or by
calculating spectral ratios in vegetation indices (Glenn et al., 2008). It is
important to note that ground data collection is crucial to eliminate unlikely
stressors (water quality, over- or under-irrigation, abnormal weather, etc.)
to narrow down the best-suited remote sensing approach for the context.

Applying a Framework

We apply a newly introduced conceptual model that dovetails current
research of earthquake-water dynamics with applicable remote sensing of
soil-plant-water relations. Figure 7.36 illustrates the PEARS framework to



A Framework for Post-Earthquake Agricultural Water Management 169

support post-earthquake agricultural management using remote sensing
techniques specific to earthquake-water dynamics (Rodriguez et al., 2016).
The framework of focus categorizes earthquake-water dynamics into three
components: (1) changed surface water supplies, (2) changed groundwater
supplies, and (3) water quality change. For this study, groundwater depths
were coupled with remote sensing and in situ observations of orchard
health to interpret crop responses to component 2—changed groundwater
supplies—directed by the PEARS framework. We thus apply the framework
to assess vulnerability of an apple orchard site to abruptly elevated water
tables, monitoring canopy vigor. This approach allows us to assess the
effectiveness of the grower’s decision to facilitate drainage through
trenching, as well as the resiliency of the orchard amidst mid-season
waterlogging. We additionally set the stage for remote sensing guidelines to
monitor and improve farm operations amidst agro-hydrologic disruptions
that can be employed in similarly affected sites.

Objectives

This study characterizes field-scale responses of apple orchard operation
to extreme waterlogging, in a case study of Coihueco, Chile (-37
latitude, —71.82 longitude). Specifically, we will improve understanding
of agricultural land management at the field scale by monitoring local
farm decisions implemented to sustain apple orchard production amidst
abrupt waterlogging. Here, we investigate variables driving orchard stress
(groundwater elevation) and characteristics that indicate stress (decline in
vigor as indicated by decreasing canopy greenness). Assessment of rootstock
and cultivar vigor responses to poor drainage conditions is critical for
organic apple growers—the leading organic commodity in Chile. Varying
rootstocks across the study site must be considered as apple trees have
demonstrated varying abilities among rootstocks to conduct water to the
scion (Olien, 1986). Furthermore, we employ remote sensing technologies
in alignment with a consistent post-earthquake framework to support
agricultural management.

Materials and Methods
Background & study site

An 8.8 magnitude earthquake event occurred February 27,2010 off the coast
of Concepcion, Chile that devastated the Maule and Biobio Regions. Local
observations recorded structural damages (Tang et al., 2010), liquefaction
compaction (Verdugo, 2012) and increased streamflow (Mohr et al., 2012)
following the earthquake. Groundwater supplies serve as an important
source of irrigation water, especially during the growing season (December—
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February) when seasonal mountain snowmelt is no longer available, thus
changes in availability has secondary impacts. Abrupt hydrologic changes
in this region can threaten local agricultural productivity, driving the
motivation of our study.

The study site observed is located in Coihueco, Chile of the Cato
River Watershed, approximately 500 kilometers south of the capital city
of Santiago (Fig. 7.37a). Coihueco is in the Biobio Region (Region VIII,
-37 latitude, —71 longitude) whose economy relies largely on agriculture,
supporting 16% of the employment sector, behind personal services (28%)
and commerce (18%, Dresdner et al., 2009). The Biobio Region traditionally
experiences a Mediterranean climate of hot dry summers and cool wet
winters, systematically bringing spring snowmelt to irrigate throughout the
Cato River Watershed dominated by andisols, sands and fluvial deposits
(OECD, 2009). Here, appropriate crop water deliveries are vulnerable to
winter snowpack, irrigation infrastructure and good drainage. It is thus
important to assess if there were changes in hydrologic conditions following
the February 27, 2010 earthquake, how local crop management can adapt,
and whether strategies were successful.

The specific site of study is a 20-hectare apple orchard (approx. 50 acres)
located at —37 latitude, -71.82 longitude managed by Viva Tierra Organic

2a.

2b.

Fig. 7.37 (a) The Cato River Watershed in the Biobio Region (VIII) of Central Chile, and
(b) The study site: a 20-hectare organic apple orchard (approx. 50 acres) of Gala, Fuji, and
Cripp’s Pink apples located at-37 latitude, —71.82 longitude, managed by Viva Tierra Organic
within the Cato River Watershed.
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Table 7.14 Apple cultivars planted with associated rootstocks and installed boreholes.

Cultivar Rootstock Boreholes
Gala M106 + M9 1-8
Fuji M106 9-14
Cripp’s Pink M106 + M9 15-26

(Fig. 7.37b). In 2007, three different varieties of apple cultivars—Gala,
Fuji, and Cripp’s Pink—were planted with various rootstocks (Table 7.14).
The growing season for this crop runs approximately from green-up in
November through harvest in early-mid March. Following the February
27,2010 earthquake, elevated water tables were observed by local growers,
provoking suspicion of waterlogging. To salvage the newly planted trees,
emergency management decisions were made to trench along the entire
southern border of the orchard to accelerate drainage, thus preventing
hypoxia and onset of disease. The methodology conducted characterized
field-scale apple orchard responses to earthquake-induced waterlogging,
assessed the apple orchard resiliency to temporary waterlogging, and
assessed effectiveness of local decision-making following a remote sensing
framework. Results support framework development to identify actions
and decision-making that promotes agricultural recovery following abrupt
hydrologic disruption.

Borehole Observations

Twenty-six monitoring wells were distributed across the orchard in December
2009 using polyvinyl chloride (PVC) tubes 150 cm deep, providing records
of pre-earthquake subsurface hydrology. While 26 wells were installed, only
a fraction of the wells were selected to use for data purposes. Boreholes that
did not experience any change in groundwater were not selected for data
collection. Specifically, wells 5, 7, 8, 12, 15, 17, 18, 20, 21, 22 and 25 were
the only wells showing elevation change after the earthquake event. These
boreholes were selected to utilize data representative of the phenomena
observed by the farm manager and owner. The borehole locations were
geo-located using a Garmin Oregon Global Positioning System (GPS) to
interpret spatial variation of water table fluctuations before and after the
earthquake event. The depth to water table was measured consistently by
the same irrigation manager using steel measuring tape from the top of the
PVC tube as the reference point (Harter, 2008). The date, well depth and
comments were logged and saved in an electronic spreadsheet file. Borehole
observations were recorded from December 2009 until May 2014 when
consistent records indicated ‘good drainage’, at 120 cm from observation
surface or deeper. After good drainage was declared by the grower, data
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collection activities were reduced to bi-annual occurrences. A trench
was excavated three days after the earthquake to mitigate waterlogging
(March 2, 2010) along the south and southwest borders of the orchard to
counteract elevated ground water levels. This data was also used for spatial
interpolation to remotely monitor tree health variability throughout the
orchard before and after the earthquake event. Water quality measurements
were also sampled and provided by a contracted vendor following the
earthquake event to ensure that salinity levels were not adversely elevated,
thus narrowing our focus to monitor effects of groundwater elevation on
orchard canopies using PEARS.

Precipitation Records

Agro-meteorological stations recorded the precipitation data used for this
study, collected and managed by the Department of Hydrologic Resources
at the University of Concepcion—-Chillan. The station is located on the
university campus at -36.5667 latitude, =72.1 longitude, and 129.92 meters
above mean sea level. Data was collected beginning January 1965 and is
still recording weather data. Data was analyzed according to total sum
precipitation recorded each month. This dataset provides data prior to the
earthquake event to better interpret environmental conditions preceding the
earthquake and associated groundwater changes, as well as precipitation
following the event to confirm that abnormal groundwater levels were not
influenced by an abnormally wet rainy season (Fig. 7.38).
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Fig.7.38 Precipitation records from 2008 to 2014. Earthquake event is indicated by red vertical
line to delineate precipitation events prior to and following the hydrologic disturbance. Mean
distribution of precipitation measurements from 2004-2014 is displayed by boxplot at right.
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Imagery

Imagery was collected from the Landsat Data Continuity Mission (LDCM),
utilizing Landsat Thematic Mapper 5 and Landsat Enhanced Thematic
Mapper (ETM+) 7. This sensor sufficiently covers the 20 hectare (20,000 m?)
orchard study site, as Landsat 5 TM and Landsat 7 ETM+ provide coverage at
30 x 30 meter pixels, allowing spectral measurements across approximately
222 unique pixels. Atmospherically corrected imagery from LEDAPS was
selected for Landsat 5 TM and Landsat 7 ETM+. Dates were selected prior
to and following the earthquake with consideration of cloud cover, the
apple growing season and irrigation scheduling. Satellite overpasses within
3 days of irrigation scheduling were not used. Irrigation events can cause
artificially high spectral measurements, as sprinkler-irrigated water can
cause abnormal blue band measurements from water, dampened reflectance
from soil darkening and green or infrared measurements due to immediate
leaf and cover crop green up the following day.

Vegetation Indices

While we know that the visible and near infrared are important in
monitoring vegetative trends, there are many spectral ratios that have been
demonstrated as useful throughout the literature. This study utilizes the
Normalized Difference Vegetation Index (NDVI), calculated by the ratio:

Pnir — Prep

Pnir + Prep (10)

NDVTI has successfully monitored and identified vegetative trends with
responses to groundwater elevation changes (Aguilar etal., 2012; Sun et al.,
2008). NDV1I is sufficient for this study, as the orchard study site provides
near complete vegetative cover, removing the need for soil correction
indexes (e.g., Soil Adjusted Vegetation Index) or overly dense tree canopies
due to consistent pruning and younger trees (Enhanced Vegetation Index).

Results and Discussion

Groundwater responses

Knowledge of groundwater depths is important for farm management
to facilitate proper drainage, maintain root zone aeration for crops and
monitor subsurface irrigation supplies. Figure 7.39 displays groundwater
stages before the earthquake, after the earthquake and longer-term water
level tracking following emergency water management decision-making
(i.e., trenching). Measurements prior to the earthquake from December
2009-February 2010 were categorized as ‘Pre-Earthquake” observations,
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Fig.7.39 Water table observation records suggesting elevated water table after the earthquake
event (February 2010-2011) and longer term (October 2011-January 2014).

while records taken following the earthquake event were conducted from
October 2010-December 2011 were labeled as ‘Post-EQ’ records. Records
were later categorized as ‘Post-Trenching’ from 2012-2014, as these records
revealed groundwater table levels returning to depths once again acceptable
for apple production. Observation well records show an initial increase in
average groundwater elevation after the earthquake, followed by a return
to optimal depths (120-150 cm) likely due to management decisions (i.e.,
trenching) that facilitated groundwater drainage. Figure 7.39 shows initial
groundwater table elevation at acceptable depths, with some borehole
measurements indicating groundwater closer to the root zone than desired
by the farmer—that is, above 120 cm impeding root aeration. These records
also followed trenching decisions, yet were still influenced by waterlogging
conditions. The lag time observed from the date of trenching to subsided
groundwater levels is likely a combined product of soil properties and
subterranean water sources. This can often be attributed to a sustained high
groundwater table or underground spring released during the earthquake
event, as can occur during earth movement (Montgomery and Manga, 2003).

Precipitation Trends

Precipitation records show that seasonal rainfall before and after the
February 2010 earthquake, denoted by the red vertical line, did not exceed
normal moisture regimes (Fig. 7.38). Figure 7.38 describes average historical
precipitation to determine significantly higher or lower precipitation
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trends that could affect groundwater overdraft or recharge. Historical
precipitation records for Chillan, Chile fall within 68.5-236.5 mm during
the rainy season (May—October) and 14.9-26.2 mm during the dry season
(November—April; Fontannaz, 2001). Average monthly precipitation records
across the 2004-2014 period revealed that only 6 of 126 observations were
significant outliers. Furthermore, the rise in subterranean water levels
occurred during the growing season, at the trough of precipitation inputs
and traditional peak of irrigation drawdown by local farmers. The station
observations thus suggest that sustained groundwater level elevation was
not influenced by above average rain events. We can therefore deduce that
the shallow groundwater phenomena noticed abruptly after the earthquake
event was likely driven by subterranean sources.

Orchard Spatial Responses to Groundwater Trends

Remote imagery used to calculate the Normalized Difference Vegetation
Index (NDVI) across the orchard study site allowed identification of pre-
earthquake orchard health and post disaster responses. It is clear that prior
to the earthquake, canopy health was not unhealthy nor of concern to the
grower, while moderate stress was detectable along the northeastern border
of the Cripp’s Pink block. Although orchard canopy health is still adversely
affected one year after the earthquake event, yet shows improvement
after the earthquake (2012-2014). Canopy health improvements are
likely attributed to improved drainage facilitated by trenching, lowering
a relatively high water table. Additionally, management decisions that
preserved the life of the trees allowed younger trees planted prior to
the earthquake to grow larger with age, consequently producing larger
tree canopies. While struggling orchard health was evident immediately
following the earthquake throughout the 2011 growing season, orchard
health recovered fully and became more uniform with less hotspots of
poor orchard health. Spatial mapping of orchard health before and after
the earthquake indicated reduced orchard health in response to an abruptly
elevated water table (0 to 120 cm) that gradually declined to optimal depths
below 120 cm. Figure 7.40a—c displays NDVImaps that, over time, become
more uniform, with less ‘hotspots’—areas suffering from exceptionally low
canopy health—after the earthquake event. This lag time to recovery is
likely a function of the soil properties and groundwater table sources that
sustained groundwater levels even after trenching. A time series analysis
of canopy health using NDVI not only allows a time series analysis and
identification of areas most adversely affected, but also allows correlation
of remotely estimated canopy health to ground measurements (i.e.,
groundwater depths).
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Fig. 7.40a—c Spatial visualization of orchard NDVI suggests variability of orchard health,
reduced greenness after earthquake, and recovery after trenching.
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Fig. 7.41 Correlation of mean NDVI measurements to mean groundwater levels across 16
different observation dates, suggesting improved orchard health with a deeper groundwater
table.

Groundwater Relationship to Orchard Behavior

In addition to spatial mapping and time series analysis, remotely estimated
NDVI values were also utilized to identify a significant relationship to
adverse waterlogging conditions. To do so, mean calculated groundwater
levels recorded in situ across the orchard were correlated to corresponding
mean NDVI estimations from atmospherically corrected Landsat imagery.
The correlation revealed that mean groundwater table levels approaching
the surface inhibited orchard greenness (NDVI), while groundwater
levels that remained closer to target depth of 120-150 cm were tied to
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improved orchard canopy health. The correlation fit value of 0.67 suggests
that groundwater depths influenced orchard health as represented by
NDVTI; this suggests that the rootstocks and apple cultivars selected were
tolerant to short-term waterlogging during the growing season and likely
recovered due to the receding groundwater table. The correlation detected
also indicates that decisions to facilitate drainage by trenching did improve
orchard canopy health, hence, prevent tree damage and death. These
findings will be especially valuable if waterlogged (e.g., flooding) conditions
persist in the Cato River watershed, or if extreme events forcing similar
conditions recur in this region.

Conclusions

This study was largely limited by the data collection surrounding the
earthquake. While it proved fortuitous to have pre-earthquake baseline
information. Data collection stalled following the earthquake as efforts
largely went to infrastructural, farm and personal recovery needs.
Additionally, data collection followed varying protocols as water table
levels were recorded largely at the convenience of farm operations, and
by multiple people. These limitations are typical of data collection in a
working farm site and largely contributes to the utility of remote sensing
in agricultural practices.

As climate projections suggest a high likelihood of increasing extreme
events, we must better prepare our vulnerable food supplies through
coping strategies such as emergency management and disaster recovery.
These efforts, though essential and urgently needed, are still immaturely
explored. Further research is therefore needed, especially if we expect to
create a more comprehensive and robust framework for efficient and rapid
agricultural management following abrupt disruptions to agricultural
water deliveries. Ample opportunities are present and contributing to this
emerging field, with a more thorough understanding enabled by remote
sensing applications. This research can support land-use management for
recovery of irrigation supplies as well as aid in anthropogenic changes to
local hydrology.

In the broad scope of food production and water resource management,
groundwater supplies become increasingly depleted in arid and semi-
arid climates. To better harness seasonal snowmelt that fuels seasonal
irrigation, groundwater recharge projects are now a priority if not
mandatory for sustainable population support. Target recharge locations
must allow temporary inundation during snowmelt periods without
damage to overlying land use. In many Mediterranean climates, valley
farming practices are supported by spring snowmelt, requiring recharge
locations to typically be rangeland or crops that can survive temporary
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waterlogging. Crops overlying unconfined aquifers are in prime target areas
for groundwater recharge projects. While it is ideal to channel recharge
areas while perennial are dormant, spring snowmelt can often times fall
within the period of green up. Recharge during dormancy may become
even less likely if changes in climatic trends begin to shorten. This study
therefore provides a better understanding of crop responses to temporary
water inundation during the growing season.

While natural causes of flooding are inevitable, it is also important
to identify crops more tolerant to anthropogenic flooding. Our results
suggest that temporary (3 days) flooding of the observed cultivar-rootstock
combinations during the growing season did initially impose orchard stress,
but permitted fruit production without tree death. The orchard of study was
also found to reach full recovery after prolonged drainage. These results
enable a better understanding for local crop management that can aid pre-
hazard planning for local growers, as well as empower informed decision
making for crop extension educators and agencies navigating projects to
temporarily flood agricultural lands.
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CHAPTER 8

Hydrochemical and Tracer Monitoring to
Assess Runoff Generation from Semi-arid
Andean Headwater Catchments

Nauditt, A. 1Rusman A. 2Schuth C 2Rlbbe Lt
and Alvarez, P.3*

Introduction

Mountainous catchments are often remote and difficult to monitor and
are therefore rarely featured by long term, spatially distributed hydro-
meteorological data. However, such headwater regions are of key
importance for runoff generation as a result of higher precipitation as rain
or snow providing valuable ecosystem services downstream (Price and
Egan, 2014). Mountains as ‘Water Towers’ in semi arid and arid regions
contribute up to 95% to total basin discharge (Messerli et al., 2004; Viviroli
et al., 2007) supplying large parts of the world population with drinking
water as well as with water resources for irrigation, hydropower and other
industries and ecosystems. According to Barnett et al. (2005), more than one
sixth of the world’s population depends on montane snow covered glaciers
and seasonal snow for water supplies which are at risk due to a warming
climate. Water resources management and the equitable allocation of water
for domestic, agricultural and industrial uses depend on reliable long term
and seasonal discharge predictions. These are even more needed to address
the additional challenges related to climate variability and change affecting
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particularly mountain hydrology (Barnett et al., 2005; Immerzeel et al., 2010;
Vuille et al., 2015). However, streamflow predictions from mountainous
headwaters ideally require estimates of areal precipitation, snowpack extent,
snow water equivalent and melt rates as well as groundwater recharge and
storage dynamics. In addition, such predictions need to be contextualized
with long term climate and discharge time series. At higher latitudes and
elevations, ice and snow only allow access by helicopter during most of the
year and monitoring equipment is exposed to extreme climatic conditions
as strong winds, cold and ice. Therefore, for most mountainous headwater
catchments worldwide, hydro-meteorological data or any other in situ
information are not available and methodologies are needed to assess
mountainous hydrological processes.

This chapter introduces to the features of the semi-arid Limari Basin
and illustrates the findings of synoptic seasonal tracer surveys in two
remote mountainous headwater catchments with the aim to improve the
understanding about hydrological processes in this data scarce and remote
environment. During the sampling period (2012-2014) Central Chile was
exposed to an extreme long term drought leading to severe water shortages
for irrigation water supply (Boisier et al., 2016).

The Limari River Basin, Central Chile

The Limar{i Basin forms part of the semi-arid Coquimbo region in northern-
central Chile and covers an area of 11.696 km?2. It reaches from the Andes
at 5.550 m of elevation to the east of the Pacific coast in the west and is a
snowmelt-dominated hydrological system. Figure 8.42 shows the Limari
Basin with its hydrological network, topography and agricultural area and
the la Paloma Irrigation System consisting of three reservoirs.

Water demand in the basin is dominated by irrigated agriculture and
accounts for 724 million m3/year (DGA, 2005; Espinosa et al., 2011). The
Limari valley is the most relevant in terms of agricultural production and
70% of the regional export is produced there (Oyarziin, 2010), in particular
cash crops as wine grapes and table grapes. The total cultivated area has
increased by 70% since the construction of the Paloma irrigation system in
1973 alongside with a change in cultivation from annual crops as cereals to
cash crops and perennial vineyards and fruit tree plantations representing
53% of the irrigated agricultural area (Alvarez, 2006; Oyarztn, 2010). The
Paloma irrigation system is composed of three reservoirs with a total storage
capacity of 1,000 million m®and a complex channel network extending over
more than 700 km.

The climate of the Limari catchment is arid to semi-arid with marked
Mediterranean seasonality (Peel et al., 2007). It largely varies along the
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Fig.8.42 The Limari Basin with its hydrological network, topography and agricultural area and
the la Paloma Irrigation System consisting of three reservoirs, studied headwater catchments

are highlighted by red borders.

Fig. 8.43 Agricultural area next to the Recoleta dam in the Limari Basin.
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Fig. 8.44 Monthly mean precipitation-discharge distribution at Las Ramadas station.

140 km between the western Pacific coast and the eastern Andean Mountains
due to the south-eastern pacific anticyclone, the cold Humboldt Current
along the Pacific coast and the steep topography of the mountain range of
the Andes (Kalthoff et al., 2006).

Precipitation ranges from 100 to 300 mm per year from the coastal area
to the highest station in the Andes (recorded up to 1250 m of elevation) and
also from north to south, with mean annual values of 70 mm in the north
and 275 mm in the south at lower elevations (Oyarztn, 2010; Strauch et al.,
2010; Favier et al., 2009). Inter-annual precipitation is characterized by high
variability, years with high precipitation are typically linked with a High
Oceanic Nino Index (ONI) representing so called ‘El Nifio years” while ‘La
Nifia’ years in this region are usually drier (Garreaud et al., 2003; Nurfiez
et al., 2013; Meza, 2015).

Figure 8.44 shows the mean monthly precipitation and discharge for
the hydrological year at the Las Ramadas station at the outlet of the Rio
Grande headwater catchment. The snowmelt dominated hydrograph
does not immediately respond to the increased winter rainfall from May
to August but has its peak during the melting period in summer between
September and December.

However, the precipitation amounts strongly vary depending on the
year. Figure 8.45 shows two examples of extreme precipitation and discharge
behavior at Las Ramadas station. Two years have been selected: 2002 /2003
as a hydrological year with more than average precipitation (total annual
P =652.9) and 1969 /1970 with much less than average (total P = 52.8 mm).
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Fig. 8.45 Precipitation and discharge for two selected hydrological years of extreme climatic
conditions at Las Ramadas station.

Fig. 8.46 Cushion peatland (‘vegas’) in the Rio Grande catchment.

Andean Headwater Catchments

Little geographical and climate information is available for the Andean
Cordillera. The geology of the area is highly heterogeneous and fractured as
evidenced by thermal springs. Plutonic and volcanic formations comprise
the higher elevation areas, with fractured metamorphic and sedimentary
formations at lower altitudes. Alluvial sediments occupy the main river
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valleys and a range of glacial deposits are also present. Soil development
is limited, with shallow leptosols dominating. The semi-arid high elevation
Andean environments are characterized by sparse shrub vegetation, bare
rocks and cacti. Above 2000 masl, vegetation is exposed to exceptionally
harsh environmental conditions, with little moisture, pronounced diurnal
temperature variation with frequent frosts, high solar radiation, and low
oxygen concentration. High elevation cushion peatland (called ‘bofedales’ or
‘vegas’) is a common feature of these valleys (Squeo et al., 2006; Schittek et
al., 2014). Typical adaptive plant species can be found there such as tussock
grasses, low stature woody shrubs, rosetted herbaceous perennials and
cushion plants (Schittek et al., 2012). The main peat-accumulating species
of these soligenous peatlands are the Juncaceae Distichia muscoides and
Oxychloe andina (Schittek et al., 2012).

The cushion peatlands are used by the local human population as
grazing grounds sending their animals, especially goats, to the high
elevation mountains in the summertime as water and pastureland is
available. The peatlands are artificially extended by the goat farmers who
divert the water springs in order to accelerate the peatland development and
grazing land for their animals. According to Schittek et al. (2012), the intense
grazing by hoofed animals might degrade these sensitive ecosystems,
resulting in erosion and destruction of the peat deposits, increased input
of sediments and the expansion of alluvial fans upon the peat deposits.
However, this hypothesis would require support by the assessment of a
comparable totally pristine Andean catchment.

Recent studies show that there is a warming trend over the last 40 years
with an increasing number of warm days especially for the high elevation
Andean regions (Souvignet et al., 2012; Vuille et al., 2015). This will have
serious implications for ecosystems and the regional hydrological cycle
as earlier snow melt with higher discharges in springtime and decreasing
discharge values in summer (Barnett et al., 2010; Vicufia et al., 2010;
Souvignet et al., 2010).

Diurnal and inter-annual temperatures and precipitation vary extremely
at the higher elevations (Nauditt et al., 2016). As there are no time series for
temperature and precipitation available for higher altitudes above 1250 m,
a climate station was installed in the Tascadero catchment at 3450 m.a.s.1. by
ITT with research funding of the German Research Ministry (BMBF) (Figure
8.48). For the study period November 2012-Dec 2013, a mean temperature of
3.0°C with a minimum of -17.7°C in July and a maximum of 19.9°C in
January was recorded. Figure 8.47 show recorded high elevation minimum
air temperatures between 22.11.2012 and 23.12.2013 for the Tascadero station
in the Cordillera compared to the minimum temperatures measured at the
Las Ramadas station at 1250 m of elevation.
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Fig. 8.48 Precipitation recorded by the climate station at the Tascadero headwaters at
3.450 m of elevation.
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Fig.8.49 Precipitation and discharge measured at Las Ramadas station (1250 m) for the study
period from November 2012 to November 2013.

Synoptic Tracer Assessments

As described in the introduction, there are no hydro-meteorological time
series for the high elevation Andean region and little information related to
the bio-physical characteristics of the catchment. Besides monitoring climate
and discharge, alternative methods need to be considered to improve the
understanding of discharge generation especially in regard of a changing
climate. Tracer surveys using stable isotopes and hydro-chemical data can
provide valuable information to understand sources of runoff and seasonal
system dynamics.

Stable isotope and geochemical tracer analyses have been widely used
to improve the understanding of hydrological processes (Kendall and
McDonnell, 1998; Mook et al., 2001; Leibundgut et al., 2009) by tracing
the origin of surface waters, the mode of recharge of groundwater and to
determine the age of the water (Craig, 1961). Also in headwater catchments,
this method offers an opportunity to assess climate and discharge behaviour,
residence times and the origin of headwaters (Soulsby et al., 2003; Soulsby
et al., 2007; Hrachowitz et al., 2011).

Very few studies with stable isotopes have been carried out in the
remote arid to semi-arid headwaters of Central and Northern Chile. Fritz
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etal. (1981) in the late 70s sampled and analyzed stable isotopes and **C to
assess age and residence time of groundwater in the Pampa del Tamarugal,
in the north of the Atacama Desert region suggesting that variation in
isotopic composition stems from differing Amazon-Atlantic or Pacific
moisture sources. According to their findings, groundwaters at this site
have a residence time of > 5 years up to fossil ages. Aravena et al. (1999)
found that strongly 60O depleted values in the high altitude altiplano are
related to Atlantic-Amazonian-sourced moisture by the accumulation of
the continental effect as well as the altitudinal and convective effect when
precipitated in the Altiplano. Both, Fritz et al. (1981) and Aravena et al.
(1999) highlight the strong altitudinal effect above of 3000 m of elevation
compared to the altitudinal effect below 3000 m. Hence the relatively §'*O
enriched values observed at lower altitudes are associated with Pacific
moisture sources. In both studies isotopic patterns in rain, spring and
surface waters were similar (Aravena et al., 1999; Fritz et al., 1981). More
recently, precipitation, river and soil water isotopic values were collected
and analyzed for the Vth region of Chile and adjacent Argentinean
Andean headwater catchments (latitude -32.5° to —-35.5°) by Hoke et al.
(2013) between 2008 and 2010. They suggested that precipitation on the
Argentinean eastern slopes above 2 km is isotopically dominated by
Pacific-sourced winter moisture and below 2 km by a mixture of Atlantic-
Amazonian-sourced and westerly sources (Hoke et al., 2013). Ohlanders
et al. (2013) evaluated the origin of glaciered headwaters for the same
Aconcagua Basin (V. Region) regarding their provenance from glacial- or
snowmelt. They detected a strong spatial and altitudinal gradient in stable
isotopic composition of snowpack and its effect on the temporal evolution
of streamflow isotopic composition during snowmelt. They calculated a
glacier melt contribution to streamflow of 50-90% during the melting season
of a dry hydrological year 2011/2012 indicating the strong acceleration of
glacial retreat during dry years.

For the non-glaciered headwater catchments of the semiarid Limari
Basin so far, no tracer or geochemical data have been sampled or published.
Oyarzun et al. (2014, 2016) assessed surface-groundwater relationships
in the downstream area of the Rio Grande headwaters proving a strong
connectivity. Surveys in the headwaters will provide valuable insights in
the hydrological processes of the Andean headwaters to inform hydrological
models and water management.

Sampling Strategy and Methods

Due to the difficulties to access the high Andean Cordillera only seasonal
synoptic sampling was carried out. Precipitation events rarely occur and
therefore only streamflow and groundwater springs could be sampled.
Samples were taken at each accessible water source in stream or directly
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from groundwater springs or groundwater draining from the mountains
as tributaries to the mainstream.

Sampling in Rio Grande was carried out in January and May 2013
as well as in September and October 2013. In November 2012 and May
and September 2013, samples were collected in the Tascadero headwater
catchment. Figure 8.50 shows the sampling locations in the Rio Grande
catchment.

Samples for stable isotope analysis were collected in 5 ml bottles at each
point during each sampling campaign from January 2013 to December 2014.
Samples collected in January and May were analyzed for stable isotopes
of water (*H and '*O) at the Northern Rivers Institute at the University of
Aberdeen, with a Los Gatos Research (LGR) DLT-100 laser diode water
isotope analyzer and transformed into the d-notion (%) according to Vienna
Standard Mean Ocean Water (VSMOW) standards. Analytical precision
is 1.0%o0 for 6°’H and 0.2%. for 0. Samples collected in September and
early December 2013 were analyzed to the same precision at the Technical
University Darmstadt Laboratory with a Picarro L2130-i Cavity Rind Down
Spectrometer (CRDS) isotope analyzer connected to a Picarro A0211 high
precision vapourizer as described in Coplen (1996). Electric Conductivity
(EC) of stream waters (uS/cm) was measured in situ with a Hach Lange
HQ30D hand held device. A more detailed sampling methodology is
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Fig. 8.50 Sampling locations in Rio Grande headwater catchments, simulated streams for
water rich periods.
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described in Nauditt et al., 2017. Major anions and cations were sampled
in water scarce May of 2013 at the end of autumn using a Metrohm 882
Compact IC plus ion chromatograph with an IC Autosampler Plus 919
were used. Samples were analyzed at the laboratory of the Geosciences
Faculty of Technical University of Darmstadt. The detailed methodology
is described in Rusman (2014).

Stable Isotopes in the Rio Grande and Tascadero Headwater
Catchments

We used stable isotope data from seasonal sampling campaigns to assess
spatial variability in runoff sources in two Andean non-glaciered headwater
catchments (Nauditt et al., 2017). Figure 8.51 shows the seasonal water lines
for the example of the Rio Grande catchment for January, May September
and December 2013. The isotopic composition shows a seasonal variation
(Nauditt et al., 2017). The isotopic signal of surface waters is strongly
affected by evaporation from late spring to late autumn, the period which
is characterized by high temperatures and little precipitation leading to the
enrichment in heavy isotopes—mainly 5'*O values—in both headwaters
resulting in lower waterline gradients. 3°H and 3'*O values are more
depleted during wintertime. The early spring September samples hence
show lighter values and a steeper gradient of the waterline due to more
humid conditions, snow melt and colder climate during wintertime. From
the beginning of the melting season during early spring, °H and $"*O
decrease, which is characteristic for alpine snow melt driven rivers (Taylor
et al., 2001).
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Fig.8.51 Local seasonal water lines (surface water samples) for the Rio Grande samples from
Jan, May, Sept and December compared to the Global Meteoric Water Line (GMWL) indicating
groundwater samples.
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Fig. 8.52 Seasonal local water lines in the Tascadero for November 2012 and May 2013.

We calculated a local meteoric waterline (LMWL) for the Limari-
Rio Grande headwaters with 6*H = 7.8 * 50 + 3.29. Other LMWLs
were established for the lower Limari basin downstream of Rio Grande
catchment: 2H = 8.5 "0 + 16 (Oyarzun et al., 2016), the Chilean Meteoric
Water Line 8?H = 8.36'*0+9.8 (IAEA, 2005). For the latitude of 21° the LMWL
was defined as ?°H = 7.8 §'¥0+9.7 (Aravena et al., 1999) and for the Salares
de Atacama at 23° as 6°H = 7.8 6'%0 +10.3 (Fritz et al., 1981). All of them
are close to the GMWL (Nauditt et al., 2017).

Geothermal influences at 2950 m of elevation in the Rio Grande
catchment valley are displayed in the isotopic signal in samples of the hot
springs and the surrounding tributaries with more depleted values. For the
14 samples collected in November 2012, the values range from —12.2%. to
—13.6%o for 6'°0 and —89.1%o to -99.9%o for 6°H, respectively.

The isotopic composition hence shows a strong seasonal variation in
both catchments. The isotopic signal of surface waters is strongly affected
by evaporation from late spring to late autumn, the seasons characterized
by high temperatures and no precipitation. This leads to the enrichment
in heavy isotopes—especially §"*0 values—in both rivers, which results in
lower waterline gradients. In contrast, values are more depleted during
wintertime. For the September—springtime samples show lighter values
and a steeper gradient of the waterline, compared to other seasons. The
reason for this is a higher effect of meteoric waters, due to more humid
conditions with stronger precipitation and colder climate during wintertime.
Additionally, it is affected by an increased melt water influence. Therefore,
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0?H and $'®0 start to decrease at the beginning of the melting seas which
is characteristic for alpine snow melt driven rivers.

Altitudinal Effect

The calculated altitudinal effect tends to be higher, above 2000 m it
is higher and lower below 2000 m. However, not enough values are
available to get statistically significant results for each section. Also to
calculate the altitude effect after Yutsever and Gat (1981) altitude effect
= lapse rate * slope of T — §"*0O, including the T — 5"*O Correlation (3"*O =
(0.338 £0.028) T__ ... — 11.99% VSMOW) and the lapse rate of —-6°/km
(-0.6°C change per 100 m rise) is not applicable due to the lack of values
and high temperature changes during a sampling day.

Fritz (1981) analyzes altitude effects for different water sources at 21°
of latitude in the Andes and finds they are not well-defined and seem to
change with altitude. While low altitudinal changes were observed between
2000 and 3000 m and above 4000 m, a major shift occurs at ~ 3500 m of
elevation (Fritz et al., 1981). He attributes this to the moving air masses
having passed the Andes as well as Mook et al. (2001) who state that the
altitude effect is exceptionally high where different air masses with different
source characteristics affect the precipitation at the base and mountain
peaks as of the western slopes of the Andes in South America (Mook et al.,
2001; Hoke et al., 2013).

Figure 8.53 plots January sampling values against elevation and shows
significant altitude effects. They are, however, not well-defined and change
with elevation. The altitudinal gradient gets steeper with elevation between
2500 and 3500 m. However, surface stream water samples tend to be more
enriched in §"*0 than samples taken from the tributaries, which are mostly
groundwater contributions and have been less exposed to evaporation and
are hence are closer to meteoric waters (Fig. 8.54).

Hydrochemistry

Surface water chemistry in semi-arid northern-central Chile is generally
controlled by evaporation, interaction of meteoric water with volcanic rocks
in groundwater dominated areas and contact with evaporites in aquifer
sediments (Aravena, 1995; Magaritz et al., 1989). Salinity is very low in
the upper headwater source areas with conductivity rates between 30 and
150 pS7 cm. North of latitude 29°, water types are described to be dominated
by Na-SO, and Ca-SO, in volcanic environments, while Na-Cl values rise
nearby geothermal fields, where the ‘Salares’ are located, the salt lakes in the
desert region (Aravena et al., 1987; Fritz et al., 1990). Aravena analyzed *S
values in surface waters and found out that the main source of sulphate in
these regions are sulphate minerals in volcanic rocks (Aravena et al., 1999).
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Figures 8.55 and 8.56 show piper plots for the Rio Grande and Tascadero
headwaters. Values of similar chemical composition are clustered to
illustrate the distribution of cations and anions (Langguth and Vogt, 2004).
The samples are classified according to the method of Furtak and Langguth
(1967) according to their major ionic composition.

Hydrochemistry in the Rio Grande headwaters is characterized by
low mineralization where in general anions are represented by sulphate
and bicarbonate and cations by calcium and sodium. This suggests that
the headwaters consist of meteoric water with low residence times in
groundwater in contact with host rocks and sediments. Electric conductivity
values in Rio Grande stream and spring waters ranged from 38 nuS/cm
to 415 puS/cm. Stream water values were between 41 uS/cm to 279/cm
indicating that their origin must be from meteoric rain or melt water. In
thermal springs conductivity reached a value of 5.370 nS/cm also impacting
nearby tributaries with increased EC of 552 pS/cm to 825 pS/cm (Nauditt
etal., 2017).

For the upper headwater part, the Gordito tributary, calcium is the
dominant ion originating from the weathering of sedimentary carbonate
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Fig.8.55 Piper plot showing the distribution of anions and cations in stream and groundwater
samples of the Grande catchment (December 2013).
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rocks and calcium silicates. At an elevation between 2950 m and 2690 m
water chemistry changes and is related to geothermal fields and hot springs
with high contents of TDS, chloride and sodium as the dominant cation.
Also, high boron contents were measured in the geothermally impacted
samples. Downstream water chemistry in the Grande River is still influenced
by the geothermal fields and the hot springs. Sodium levels are higher than
calcium in this section and chloride dominates bicarbonate and sulphate
levels.

The values located in the cation-triangle indicate the dominance of
the calcium in the samples for the Grande River (Fig. 8.55). The samples in
the lower middle show a nearly balanced content of calcium and sodium.
Three samples are pointing out a significant dominance of sodium and
potassium. Magnesium values are low in all samples. The values in the
lower left corner are mainly characterized by calcium-carbonate and include
the samples from tributaries. The thermal spring and the geothermally
influenced tributaries are shown in the lower right corner with dominant
sodium characterization. Values located in the lower middle of the right

Plper Plot - Rio Tascadero Dez 2013

T Taze Tt -gel
A Tase g e

M

. I'.

O 1azc s

Ca Hatk GO G K

Fig. 8.56 Piper plot showing the distribution of anions and cations in the water samples of
the Tascadero catchment (December 2013).
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triangle belong to the main river samples showing an increase in calcium
content (Fig. 8.55).

The ionic composition of the waters at 14 sampling points in the
Tascadero catchment was analyzed. Calcium was found to be the dominant
major cation; followed by sodium and lowest concentrations for magnesium
and potassium. For anionic species bicarbonate dominates except at one
location in the upper headwater where sulphate has the highest portion.
Chloride concentrations are very low and the nitrate level is only slightly
above zero. Clustered major ions are shown in the Piper plot in Fig. 8.56.
Minor ions and trace elements were analyzed for the Tascadero catchment.
Boron was detected in very low concentrations ranging between 0.07 mg/1
to 0.13 mg/1 as well as ammonium with approximately 0.41 mg/1 in half
of Tascadero samples. Dissolved iron was found in 13 samples, also with
very low values between 0.06 and 0.19 mg/1.

Conclusion and Outlook

Andean headwater catchments are the main source of water supply for
downstream semi-arid irrigation-dependent communities. However, only
little information is available about climate, catchment characteristics,
cryosphere and hydrological processes for these remote areas to support
water management with discharge predictions. Therefore we used the
spatial and seasonal distribution of the stable isotopic composition (§"*O
and 6°H) and hydrochemistry of stream and ground waters in two perennial
headwater catchments to distinguish various sources and components of
stream flow. A marked spatial and seasonal variability of all measured
parameters was observed. Hydrochemistry in ground water and surface
water samples suggests that there is no fossil groundwater contribution to
the baseflow with very low mineralization of headwaters and geothermal
influences at around 3000 m of elevation. Thus the tracer survey results
have provided us with a useful overview of the general flow paths in
the Rio Grande. However, due to the limited number of values in space
and time and the dry nature of the study year, we are unable to provide a
more quantitative analysis on the exact sources and residence times of the
individual sample points. We therefore suggest the following sampling
strategy: (1) establish a large network of spatially distributed precipitation
collectors and stream flow sampling sites for stable isotopes to determine
the dynamics of dominant water sources, (2) Assess groundwater age and
residence times by sampling boreholes and springs and analysing for °H,
CFC and "C samples, (3) conduct further synoptic seasonal surveys of
stream sampling sites, wells and springs for full geochemical analysis to
establish the hydrogeological provenance and impact on stream flow (4)
Install continuous air temperature measurements with simple sensors
and data loggers at several elevation points of the Rio Grande catchment
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to obtain an accurate temperature lapse rate and (5) Carry out sampling
campaigns in the Tascadero catchment (Nauditt et al., 2016) where grazing
has been prohibited since 2014 in order to evaluate the impacts of earlier
human activities on headwater catchments in tracer data from 2012
and 2013.
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Appendix

Appendix 1: Various streams sampled in December 2013.

1 Gordito headwaters (RG011);

2 Vega Larga (RG017);

3 Aguitas Negras (RG019/-1);

4 Grande and Colorado River confluence (RG027);

5 Tascadero headwaters at confluence with Calderoncito River (TA01).

Pictures during fieldwork in Chile. 1. Las Ramadas DGA gauging station; 2. + 3. Tascadero
DGA gauging station; 4. Tascadero high elevation climate monitoring station; 5. Borehole
close to Gordito River at 3450 m; 6. Hot spring at Los Banos (Photographs by André Rusman).
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Pictures: Various streams sampled in December 2013. 1. Gordito headwaters (RG011); 2. Vega
Larga (RG017); 3. Aguitas Negras (RG019/-1); 4. Grande and Colorado River confluence
(RG027); 5. Tascadero headwaters at confluence with Calderoncito River (TA01) (Photographs
by André Rusman).



CHAPTER 9

Isotopic Characterization of
Waters Across Chile

R. Sanchez-Murillo,** E. Aguirre-Duerias,* M. Gallardo-Amestica,?
P. Moya-Vega,? C. Birkel? G. Esquivel-Herndndez' and J. Boll*

Introduction

Chile is a long, narrow strip of land between the southeastern Pacific
Ocean (west) and southern Andes Cordillera (18°-67° S, east). This large
geographic and orographic (up to ~ 6,900 m a.s.l.) spectrum comprises a
wide range of climatic scenarios from warm and cold desert in the north, to
temperate and cold oceanic climate in the east and southeast, and temperate
Mediterranean climate in the central region, offering a unique setting to
study latitudinal water stable isotope variations governed by geographic
features and potentially reflecting shifts in modern climatic patterns. The
recognition that modern precipitation dynamics may help to understand
past climate conditions preserved in paleo-archives has increased the
number of studies across the entire Andes Cordillera (Wolfe et al., 2001;
Hoffmann et al., 2003; Vuille et al., 2003; Vimeux et al., 2009; Perry et al.,
2014; Fiorella et al., 2015a, b). In Chile, isotopic studies have been highly
concentrated in the northern region due to the intriguing extreme dryness
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of the Atacama Desert, the proximity of the Altiplano (i.e., Andean Plateau)
within the Central Andes Cordillera, and the need for better understanding
of groundwater recharge processes to ultimately improve water resources
management in the arid northern region. In the south of Chile, however,
abundant surface water and groundwater resources coupled with remote
locations have resulted in less frequent studies compared to the central and
northern regions (Arumi and Oyarzin, 2006). Nevertheless, water-related
stable isotope studies in the latter region are receiving increased attention
(Hervé-Fernandez et al., 2016; Lavergne et al., 2017).

A pioneering three-year data set (1984-1986) of precipitation isotopes
from northern Chile by Aravena et al. (1999) showed 5'%O values ranging
between —18 %o and —15%. at high altitude stations, compared to —10%. and
—6%o at lower elevations. The $'®*O-depleted values observed in the high
altitude area, the Altiplano, were related to processes that affect the air
masses that (i) originated over the Atlantic Ocean, (ii) cross the Amazon
Basin (continental effect), (iii) ascended the Andes (altitude effect) and
(iv) precipitated (convective effect) in the Altiplano. They also identified a
second source of moisture, associated with air masses from the southeastern
Pacific Ocean, which may have contributed to §**0O-enriched values observed
in lower altitude areas. Similar isotopic patterns were documented in
springs and groundwater showing the representation of the long-term
isotopic composition of rain in northern Chile. The relationship between
the isotopic and chemical composition of rain, spring, and stream water
in the high Andes of northern Chile was first studied by Fritz et al. (1981)
and Magaritz et al. (1989). Fritz et al. (1981) reported that groundwater
at Pampa del Tamarugal (within the Atacama Desert) originates from
infiltrated surface water rather than directly infiltrated precipitation. Based
on their low "C activities, the authors suggested that most of the water
pumped was fossil. Magaritz et al. (1989) showed that the isotopic pattern
of the springs in the high Andes of northern Chile is mainly a reflection of
the altitude of their recharge areas, whereas processes that occur during
snow melt seem to play a major role in the high-altitude springs. Similarly,
the streams show analogous patterns to the springs in the higher part
of the basins, but their isotopic composition is modified along the river
course, mainly due to secondary evaporation processes along the river
network. Hydrochemical studies in the Limari River Basin in northern
Chile (Oyarzun et al., 2014) showed an active interaction between surface
water and shallow groundwater, and a minor effect of local precipitation
events on the hydrological behavior in the study area. A recent study by
Uribe et al. (2015) in closed basins within Salar del Huasco (northern Chile)
estimated a long-term average recharge of 22 mm/yr and demonstrated no
hydrogeological connectivity between the aquifer of the Salar del Huasco
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Basin and the aquifer that feeds the springs of the nearby town of Pica. In
central Chile, Ohlanders et al. (2013) determined glacier and snowmelt
contributions to streamflow using stable isotopes in precipitation and
surface water, whereby glacier and snowmelt inputs ranged from 50 up to
90% during dry La Nifa years.

From a larger scale perspective, Bershaw et al. (2016) conducted an
extensive study in modern surface water samples (including the northern
Andean Plateau and surrounding regions) to elucidate patterns and causes
of isotope fractionation in this continental environment. The authors
reported a progressive increase in 6*0 of stream water west of the eastern
Cordillera (~ 1%0 /70 km), which they attributed to a larger fraction of
moisture recycling and a potential evaporative enrichment downwind,
concluding that elevation is a primary control on the isotopic composition
of surface water across the entire Andean Plateau and its surrounding areas.
Consistent with the early findings by Aravena et al. (1999), Bershaw et al.
(2016) and Fiorella et al. (2015a, b) suggested that precipitation patterns in
the central Andes Cordillera are mainly governed by the easterly winds,
which provide a large supply of moisture. The southeastern Pacific-derived
moisture only contributes a minor amount at low elevations near the coast
of, for example, La Serena. Similarly, Hoke et al. (2013) conducted a study
on the eastern flank of the Andes in the Mendoza Province of Argentina,
including a sampling transect in the western flank of the border with Chile
(Las Cuevas, 3,200 m a.s.1.). Their results indicated that precipitation on the
eastern slopes of the Andes at ~ 33° S, at elevations above 2 km, is largely
derived from a westerly Pacific-source component and a mixture of easterly
and westerly sources below 2 km.

The main goal of this chapter is to present a long-term analysis of water
stable isotope (3'%0, $*H, d-excess, and lc-excess) variations in precipitation
across the extreme latitudinal and altitudinal gradients of Chile coupled
with representative surface water, groundwater, geothermal and ice coring
isotopic data. The core of temporal and spatial analysis is based on a
24-year (1991-2015) continuous record of monthly precipitation samples
(N = 684) across four stations (from north to south): La Serena, Santiago,
Puerto Montt and Punta Arenas. The isotopic values were obtained from the
Isotopes Monitoring in Precipitation database of the Environmental Isotopes
Laboratory of the Chilean Nuclear Energy Commission (GNIP-CCHEN)
(http:/ /www.cchen.cl/). Five discontinued short-term GNIP-CCHEN
stations (1988-1991) were included for a better spatial coverage: Valparaiso,
Temuco, Concepcién, Chillan and Coyhaique. Additionally, representative
precipitation, surface water, groundwater, geothermal and ice core isotopic
data were obtained from the existing literature (Fritz et al., 1981; Aravena
and Suzuki, 1990; Alpers and Whittemore, 1990; Aravena, 1995; Aravena
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et al., 1999; Leybourne and Cameron, 2006; Ohlanders et al., 2013; Hoke
et al., 2013; Oyarzun et al., 2014; Uribe et al., 2015; Fernandez-Hervé et al.,
2016) and from the isotopic archives of the International Atomic Energy
Agency (IAEA, 2016). Long-term seasonal and temporal diagnostics are
coupled with 10-day representative Lagrangian air mass back trajectories to
highlight prevailing moisture sources and distinguish transport mechanisms
as well as the influence of latitudinal isotopic effects during the wettest
months. Analysis of these long-term water stable isotope data provides a
fundamental baseline and revision for future isotope-informed modeling
efforts and paleoclimate interpretations across the Pacific and Atlantic slopes
within the southern Andes Cordillera biomes.

Climate Generalities

Chile is characterized by strong climatic gradients due to its unique
geographical setting that extends over 4,000 km from around 18° S to almost
67° S (Fig. 9.57; Table 9.14). Such a longitudinal extension is coupled to an
extreme topographical gradient from sea level up to ~ 6,900 ma.s.l. (i.e., Ojos
del Salado volcano) with the Andes Cordillera traversing the continent and
all of Chile. The Andes Cordillera act as an orographic barrier and separate
Chile from air mass movements from the Atlantic Ocean (Aravena et al.,
1999). Furthermore, Chile’s climate is strongly influenced by the subtropical
southeastern Pacific anticyclone (high pressure area) with cold sea currents
(i.e., Humboldt Current) and low pressure systems forming off the Antarctic
Sea (i.e., circumpolar low pressure area). Four main morphological units
condition the existence of 11 different types of climate (from warm desert to
polar/tundra) and associated vegetation: Coastal Plains, Coastal Mountains,
Intermediate Depression and the Andes Cordillera (Smith and Evans, 2007).

As a consequence, northern Chile is characterized by the hyper-arid
Atacama Desert with very low precipitation and high temperatures
extending close to the city of La Serena (Verbist et al., 2010). According
to the modified Koppen-Geiger climate classification by Peel et al.
(2007), the area of La Serena is a cold desert climate (BWk) with annual
rainfall of around 100 mm and a mean air temperature of 14°C (Fig. 9.57;
Table 9.14). Peak rainfall occurs in winter (July) with virtually no rain during
the summer months from November through April. Further to the south at
an elevation of around 500 m a.s.1., the city of Santiago is characterized by a
semi-arid cold steppe (BSk) climate with slightly higher annual precipitation
of 329 mm on average and a mean annual air temperature of 13.9°C
(Fig. 9.57; Table 9.14). Towards the central southern region of Chile rainfall
is abundant with a mean annual amount of 1,952 mm at Puerto Montt
and an average annual air temperature of 10.3°C (Fig. 9.57; Table 9.14).
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Fig. 9.57 Map of Chile including: long-term (24-years) stable isotope monitoring stations
from GNIP-CCHEN (La Serena, Santiago, Puerto Montt and Punta Arenas) (red triangles),
gridded mean annual precipitation (MAP) (mm yr™'), and four climographs showing monthly
mean precipitation (MMP) (blue bars) and monthly mean temperature (red line) for each
station (both variables were derived from the most recent monthly gridded Global Historical
Climatology Network, GHCN, version 3.0 product; Peterson and Vose, 1997). Based on the
updated Képpen-Geiger world climate classification (Peel et al., 2007), the study site climates
are classified as: mid-latitude cold desert (BWk, La Serena), semi-arid cold steppe (BSk,
Santiago), dry-summer or Mediterranean (Csb, Puerto Montt), and maritime temperate/sub-
polar or oceanic (Cfc, Punta Arenas).

The climate of Puerto Montt is classified as dry-summer Mediterranean
(Csb) with rainfall peaking in winter from June to September (Fig. 9.57;
Table 9.14). In the Patagonia region, the climate of Punta Arenas can be
described as maritime temperate (Cfc) with average annual rainfall of 410
mm and an average temperature of 5.8°C (Fig. 9.57; Table 9.14). Generally,
precipitation increases with altitude and falls mostly as snow in the southern
hemisphere winter, despite few high altitude measurements (Favier et
al., 2009).
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Methods

The 24-years (1991-2015) continuous record of monthly precipitation
samples (N = 684) was compiled from data of four stations: La Serena
(northern region, ~30°S, 142 ma.s.l.,, N = 40), Santiago (inter-mountainous
central region, ~ 33°S, 520 m a.s.1., N = 145), Puerto Montt (southern coastal
region, ~ 41° S, 81 m a.s.l., N = 241) and Punta Arenas (Patagonia region,
~53°S,37 m as.l, N = 258) (Fig. 9.57). Monthly stable isotope archives
(8'%0 and &°H) of precipitation (1991-2015) were obtained from the GNIP-
CCHEN (http:/ /www.cchen.cl/) in cooperation with the Meteorological
Directorate of Chile under the General Directorate of Civil Aviation of
Chile (DGAC). The Chilean network is part of the GNIP initiative (GNIP-
IAEA-WMO, 2016). This database also includes observed mean monthly air
temperature (°C) and monthly precipitation amount (mm). Mean monthly
precipitation P (mm) and temperature T (°C) characteristics were used to
construct individual climographs (Fig. 9.57) were derived from the most
recent monthly gridded Global Historical Climatology Network (GHCN)
version 3.0 product (Peterson and Vose, 1997). In addition, gridded mean
annual 8O (%o) in precipitation below ~ 20° S for South America was
derived from Bowen and Revenaugh (2003) for comparison purposes.

Precipitation samples collected before 2009 were analyzed in a
FINNIGAN Mat 252 Isotope Ratio Mass Spectrometer (IRMS) with
an automatic equilibrium method (CO,-H,O; H,-H,0), the analytical
precision was +0.2%o for *0O /O and +1%. for 2H/"H. After 2009, isotope
compositions were measured by laser spectrometry using a LWIA-LGR DLT-
100 (Los Gatos Research, USA) with an analytical precision of +0.08 %o for
80 /%0 and =1%o for ?H/'H. Isotopic compositions were normalized to the
VSMOW-SLAP scales, through the use of calibrated secondary laboratory
standards and are defined as:

) _ (CH/'H),,,..— CH/'H) g0 (1)
sample (ZH / lH)VSMOW

o8O = O/ 160)5mp1e ~ (P0/"0)ysuow 2
sample (180/160)VSMOW

Deuterium excess (hereafter d-excess; Dansgaard, 1964) was calculated
for each monthly sample (Equation 3). In addition, to determine the degree
of deviation of monthly precipitation samples from regional / Local Meteoric
Water Lines (LMWL), the line-conditioned excess (Ic-excess) was calculated
according to Landwehr and Coplen (2006) (Equation 4) (La Serena: a =6.97,
b =4.68; Santiago: a =7.72, b = 6.64; Puerto Montt: a = 6.72, b = 0.63; Punta
Arenas: a =7.02, b =—6.62). This calculation uses the LMWL as a reference
rather than simply using the deviation from the GMWL (Sprenger et al.,
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2017). The coefficients a and b are the slope and the y-intercept of the LMWL,
respectively. Based on the analytical precision reported, the estimated
average uncertainties are +1.1%o (d-excess) and +1.5%o (lc-excess).

d — excess = *H - 8 - 00 3)
lc —excess =0*H —a - 60O - b (4)

Five discontinued short-term GNIP-CCHEN stations (1988-1991) were
included to achieve a better spatial coverage: Valparaiso (central coastal
region, ~ 33° S, 41 m a.s.l., N = 16), Temuco (southern-central region,
~ 39° S, 114 m a.s.l.,, N = 27), Concepcion (southern coastal region,
~37°S5,11 m ass.l, N = 19), Chillan (southern-central region, ~ 36° S,
147 m a.s.l,, N = 27) and Coyhaique (Patagonia region, ~45°S,310 ma.s.1.,
N =117) (Fig. 9.58). Additionally, representative precipitation, surface water,
groundwater, geothermal and ice core isotopic data were obtained from
the existing literature (Fritz et al., 1981; Aravena and Suzuki, 1990; Alpers
and Whittemore, 1990; Aravena, 1995; Aravena et al., 1999; Leybourne and
Cameron, 2006; Ohlanders et al., 2013; Hoke et al., 2013; Oyarztn et al.,
2014; Uribe et al., 2015; Ferndndez-Hervé et al., 2016) and from the isotopic
archives of IAEA (2016) (Fig. 9.58).

The influence of atmospheric trajectory and source meteorological
conditions on the subsequent stable isotope composition of precipitation
was analyzed using the HYSPLIT Lagrangian model (Stein et al., 2015)
developed by the Air Resources Laboratory of NOAA (USA). The HYSPLIT
model uses a three-dimensional Lagrangian air mass vertical velocity
algorithm to determine the position of the air mass and reports these
values at an hourly time-resolution over the trajectory (Soderberg et al.,
2013). Representative 10-day air mass back trajectories were calculated
for the three wettest months in 2015 at each monitoring station due to the
nature of the monthly sampling. To compute a trajectory, the HYSPLIT
model requires a starting time, location and altitude as well as NOAA
meteorological data files (e.g., GDAS, global data assimilation system, 0.5°
resolution: 2006-present; Su et al., 2015).

Results and Discussion
Regional isotopic characteristics

The best-fit continental meteoric water line to data from Chile (Chile-
LMWL) is described as: °H =7.66 - 80 + 3.42 (r*= 0.94, N = 684, p < 0.001)
(Fig. 9.59A, top panel). Overall in the 24-years continuous record and
across the four monitoring stations, §'*0O and 6*H ranged from —21.4 %o
to +3.5%0 and from -162.7% to +18.4%., respectively (Figs. 9.59B
and 9.59C, top panel), while d-excess ranged from —17.7%o to +25.9 %o
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Fig. 9.58 Overview map of Chile including (a) the core GNIP-CCHEN monitoring stations
and 5 discontinued short-term GNIP-CCHEN stations (pink octagons), (b) other precipitation
samples from IAEA archives (green crossed-circles), (c) published precipitation data with
available locations by Aravena et al. (1999) (yellow triangles), Hoke et al. (2013) (pink triangles),
and Ohlanders et al. (2013) (yellow-black circles), (d) surface water (SW, cyan rhombi),
groundwater (GW, blue crosses), and ice coring (red hexagons) isotope samples from IAEA
archives. The inset shows the high concentration of isotopic sampling in northern Chile.

(mean = +7.0%o0) and lc-excess varied from —6.9 %o to +1.7 %o (mean =—1.5%o)
(Table 9.14). For the La Serena station, located near the southeastern Pacific
coast (Fig. 9.57), the LMWL is described as: 8*H = 6.97 - %0 + 4.68 (r*=
0.90, N =40, p <0.001) (Fig. 9.59A, top panel). Since the northern region of
Chile is semi-permanently under the influence of a high pressure system
known as the sub-tropical southeastern Pacific anticyclone in combination
with the cold Humboldt Current (Montecinos and Aceituno, 2003) and
the isolation of the Atlantic Ocean moisture by the Andes Cordillera
(Aravena et al., 1999), the precipitation events are less intense and occur
mostly from May through August. Although the long-term d-excess at La
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Fig. 9.59 Top panel: (A) Local Meteoric Water Lines (LMWLs) for each 24-years monitoring
station. Bottom panel: (A) Local Meteoric Water Lines (LMWLs) for each discontinued short-
term GNIP-CCHEN monitoring station and available data from Aravena et al. (1999), Hoke
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are plotted as references. Insets (B) and (C) in both panels show histograms for §®O (%.) and

8"H (%o), respectively.
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Serena (+9.8%o) is close to the global mean (+10%.; Craig, 1961), potential
secondary evaporation processes below the cloud base during small
rainfall events (MAP = 106 mm) coupled with a moderate mean annual
air temperature range (10-20°C; Fig. 9.57) may introduce an artifact effect
(Sanchez-Murillo et al., 2016a) which is responsible for the relatively lower
slope and intercept values. For the Santiago station, located at a higher
elevation (520 m a.s.l.) and approximately ~ 100 km from the Pacific coast,
the LMWL is described as: 8H = 7.72 - 880 + 6.64 (r*= 0.94, N = 145,
p < 0.001) (Fig. 9.59A, top panel). Enhanced orographic distillation and
greater precipitation amounts (MAP = 329; Fig. 9.57; Table 9.14) resulted in
more depleted values with a mean '*0 of —7.4%o.. In the southern coastal
region of Puerto Montt, the LMWL can be described as *H = 6.72 - §"*0
+0.63 (*=0.94, N = 241, p < 0.001) (Fig. 9.59A, top panel). This location
experienced a typical temperate oceanic climate with large precipitation
amounts year round (MAP = 1,952 mm; Fig. 9.57) and moderate mean
annual air temperatures, ranging from 15°C down to 5°C. In the coastal
Patagonia region of Punta Arenas, the LMWL is described as: 8H =7.02 -
880 —-6.62 (r*=0.93, N =258, p <0.001) (Fig. 9.59A, top panel). Mean annual
precipitation at Punta Arenas (410 mm) as well as mean annual temperature
(ranging from 10°C down to 0°C) are considerably lower than at Puerto
Montt (Fig. 9.57). In the last two locations, the lower intercepts may represent
enhanced non-equilibrium processes due the influence of the circumpolar
low pressure and temperature conditions from the Antarctic Sea. Overall,
a clear latitudinal effect was observed in the isotopic composition along
Chile. For instance, long-term d-excess and lc-excess exhibited a consistent
decreasing latitudinal trend: +9.8%o (+1.5%0) (La Serena), +8.3%o (—0.4%o)
(Santiago), +7.7%o (—0.5%0) (Puerto Montt), and +2.3%o0(-6.9%0) (Punta
Arenas) (Table 9.14), reflecting the influence of non-equilibrium processes
as the mean annual temperature decreases towards the southern region,
which favors snow formation and greater kinetic fractionation (Dansgaard,
1964). A similar decreasing trend was observed for $"*0 and °H (Table 9.14).

For the five discontinued short-term (1988-1991) GNIP-CCHEN
monitoring stations (Fig. 9.58), a similar isotopic pattern was observed when
analyzing the LMWLs. For instance, the LMWL at Coyhaique (Patagonia
region, Fig. 9.58) is described as: 3*H = 6.93 - "0 - 6.31 (1= 0.93, N = 117,
p <0.001) (Fig. 9.59A, bottom panel) in concordance with the Punta Arenas-
LMWL. The LMWLs at Temuco, Chillan, and Concepcién (Fig. 9.58) also
exhibited relatively low slopes (4.92 up to 6.84) and intercept (—4.76 up to
-0.26) values (Fig. 9.59A, bottom panel). Valparaiso-LMWL is the only one
across Chile from the GNIP-CCHEN database with a relatively high slope
and intercept (°H =8.58 - 60 + 12.88 (1= 0.85, N = 16, p < 0.001). However,
the lower sample size may not be sufficient to establish further inferences. In
general, the spectrum of isotopic composition in precipitation across Chile
ranged from —22.8 %o up to +3.5%o. for 6O and from —169 %o up to +18.4 %o
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for $°H (Fig. 9.59B and 9.59C, in both panels). By combining all available
isotopic precipitation records, the continental MWL can be described as:
0?H =7.59 - §"%0 + 3.25 (*= 0.95, N = 957, p < 0.001), which is quite similar
to the one described by the 24-years continuous monitoring stations.

Long-term Spatial Variability

Dual relationships between §°H, d-excess, and lc-excess (Figs. 9.66S; 9.675)
revealed a strong gradient from north to south and suggested a large
influence of kinetic processes likely related to snow formation, particularly,
in the southern region of Chile. In the arid region of La Serena, 5'*O and &°H
ranged from —10.0%o to +1.0%o (mean =—4.9 +2.2%o0) and —76.0%o to +4.4 %o
(mean = —29.6 + 15.9%o), respectively. The values of d-excess and lc-excess
ranged from +19.6%. up to =5.3%o (mean = +9.8 + 5.5%o) and from +5.2 %o
up to—11.7%o (mean = +1.7 + 11.6 %o ), respectively (Fig. 9.60a; Table 9.14). In
the central region of Santiago, 5"*O and 8°H ranged from —13.7 %o to —2.1%o
(mean = -7.4 + 2.7%0) and =99.0%o0 to —3.0%. (mean = -50.6 + 21.3%o),
respectively, whereas d-excess and lc-excess fluctuated from +25.1%. up to
—6.3%o (mean = +8.3 + 5.1%o) and from +5.0%o up to =14.7 %o (mean = -0.4
+17.5%0) (Fig. 9.60b; Table 9.14). In the southern coastal region of Puerto
Montt, 5'*0 and &°H ranged from —14.5%o to +3.5%o (mean =—5.5 + 2.7%o)
and —101.1%o to +18.4%. (mean = -36.6 + 18.4%.), respectively. Likewise,
d-excess and lc-excess varied from —13.4%o up to +25.9%0 (mean = +7.7
5.8%0) and from +5.4%o up to —19.8%. (mean = —0.5 + 18.8%o) (Fig. 9.60c;
Table 9.14). In Punta Arenas, 5'°0 and °H ranged from —21.4%o to +3.5%o
(mean = -9.1 + 3.3%0) and -162.7%o0 to +18.4%0 (mean = -70.5 + 23.8%o),
respectively, whereas d-excess and lc-excess ranged from —17.7%. up to
+19.2%0 (mean = +2.3 + 6.9%0) and from +6.5%o up to —24.7 %, (mean =-6.9
+ 11.7%o) (Fig. 9.60d; Table 9.14).

Long-term Seasonal Variability

Long-term seasonality is well constrained across the four continuous
monitoring stations (Fig. 9.57). Isotopic composition decreased from
summer (DJF) to a minimum in winter (JJA) and increased again towards
the spring season (SON) (Fig. 9.61; Table 9.15). In general, enriched and less
variable isotopic values (—4.5%o to —5.20%o for 60O and —23.7 %o to —32.6 %o
0?H) were observed at La Serena (Fig. 9.61). This location is isolated from
the influence of the Atlantic Ocean moisture by the central Andes Cordillera
and received no rainfall in DJF. The most depleted values were observed at
Punta Arenas monitoring station, where 6'*0O composition decreased from
—7.2%o in summer (DFJ) to -9.2 %o in autumn (MAM), reached a minimum
of —10.7%o in winter (JJA) and increased again to —9.1%o. in spring (SON).
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Although, the seasonal pattern at Puerto Montt and Santiago followed the
same trend, the isotopic composition at Santiago was more depleted due to
its higher elevation and larger orographic distillation from the Pacific coast
(~ 100 km), whereas at Puerto Montt, the isotopic composition is controlled
mainly by the temperate maritime climate conditions (Fig. 9.61; Table 9.16).

Table 9.16 Mean monthly precipitation P (mm) and temperature T (°C) characteristics were
derived from the most recent monthly gridded Global Historical Climatology Network
(GHCN) version 3.0 product (Peterson and Vose, 1997). Total annual precipitation and annual
average temperature are also given.

La Serena Santiago Puerto Montt Punta Arenas |
Month T

Pmm) T(¢C) P(mm) TEC) P@mm) T(CC) P (mm) 0)
January 0.0 17.5 10.0 21.0 238.7 6.6 35.2 1.1
February 0.0 17.5 10.0 20.0 228.5 6.8 32.2 2.0
March 1.0 16.5 12.0 18.0 155.9 7.8 28.2 3.8
April 9.4 15.0 16.0 15.0 130.9 9.6 30.7 6.3
May 16.2 13.5 52.0 12.0 121.9 11.6 36.7 8.2
June 18.9 12.0 42.0 9.0 113.1 13.4 27.6 9.6
July 38.2 12.0 86.0 9.0 100.1 14.3 41.9 10.4
August 11.4 12.0 45.0 10.0 103.3 13.6 27.8 10.1
September 3.0 13.0 24.0 12.0 108.9 12.1 33.6 8.1
October 7.1 14.0 12.0 15.0 163.3 10.1 41.0 5.8
November 1.3 15.0 10.0 17.0 254.1 8.9 46.6 32
December 0.8 16.5 10.0 19.0 233.8 6.7 28.2 14
Annual 106.0 14.0 329.0 13.9 1952.0 10.3 410.0 5.8

Summary of Isotopic Effects and Wider Implications

Despite the latitudinal difference, the Santiago station exhibited more
depleted isotope values than Puerto Montt, most likely due to the
orographic distillation in a ~ 100 km transect from the coast to approximately
520 m a.s.l. Nevertheless, the location of the four stations along a unique
latitudinal transect (30° S-53° S) resulted in clear isotopic trends from north
to south (Fig. 9.62). Overall, long-term 6O (6°H) values ranged as follows:
—4.9%o (—29.6%o0) (La Serena), —7.4 %o (=50.6%o) (Santiago), —5.5%o (—36.6%o)
(Puerto Montt) and —9.1%o (=70.5%0) (Punta Arenas). Likewise, long-term
d-excess and lc-excess exhibited a latitudinal decreasing trend: +9.8 %o
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(+1.7%o) (La Serena) +8.3%o (-0.4%0) (Santiago), +7.7%o (—0.5%0) (Puerto
Montt) and +2.3 %o (—6.9 %0) (Punta Arenas), reflecting the influence of non-
equilibrium processes as mean annual temperature decreases and snow
formation increases towards the southern regions (Table 9.16). Normally,
the latitudinal effect is in the order of —0.6%. /degree and up to —2 %o/
degree in the colder Antartic continent (Mook, 2006). The latitudinal effect
from La Serena (30° S, 80 mean = —4.9%o) and Punta Arenas (53° S, 60
mean = -9.1%0) was ~ 0.2%o /degree. The distinct monthly precipitation
amounts converged in significant amount relationships at three locations:
—2.6%0 /100 mm (Punta Arenas; P = 0.004), —1.5%o /100 mm (Puerto Mont;
P < 0.001) and —2.0%o /100 mm (Santiago) for 6'*O. Similar amount effects
have been reported in high elevation cordilleras (up to 3,820 m a.s.l.; Sanchez-
Murillo et al., 2016b). No significant precipitation amount relationship was
found at La Serena station (Fig. 9.62A). A significant temperature effect
was observed only at two stations: Punta Arenas (+0.34%. /°C) and Puerto
Montt (+0.40%. /°C) 8'%0, respectively (Fig. 9.62B). These values are in
agreement with global temperature effects of +0.4%o /°C for 30O (Mook,
2006). However, Fiorella et al. (2015) conducted a precipitation collection
in the central Andes Cordillera during 2008-2013 (elevation range: 395 to
4,340 m a.s.l.) and reported an isotopic lapse rate of -1.9 = 0.5%o /km. In
addition, Poage and Chamberlain (2001) compiled 68 studies throughout
many of the world’s mountain belts and found an empirically consistent,
linear relationship between change in elevation and change in the isotopic
composition of precipitation along altitudinal transects. They concluded that
there were no significant differences in isotopic lapse rates from most regions
of the world (~ -2.8%. /km). Figure 9.62C shows the relationship of §'*0O
versus elevation (only for sites where elevations were properly reported).
The elevation range covers ~ 5,000 m a.s.l. Based on this significant linear
regression, the orographic effect across the western slope of the southern
Andes Cordillera can be described as —3.47 %o /km for 3'*O in contrast to
an average lapse rate of —1.45%o /km derived from Bowen and Revenaugh
(2003).

The western slope of the Andes Cordillera is an exceptional case,
because precipitation at higher elevation is controlled by continental
air mass trajectories from the Atlantic Ocean, which travel through a
wide range of biomes from the Amazon Basin to the Patagonia region,
resulting in depleted precipitation. In contrast, in the coastal and central
lowland regions, precipitation is mainly governed by the southeastern
Pacific Ocean dynamics, resulting in enriched precipitation (Aravena et
al., 1999). The combination of both processes is reflected in large apparent
orographic effects, but also in remarkable spatial isotopic differences.
Figure 9.63 shows a gridded mean annual "0 (%) below ~ 20° S for
South America according to Bowen and Revenaugh (2003). Although, this
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precipitation isoscape captures the isotopic difference within the western
and eastern slopes of the Andes Cordillera, the relative magnitude of the
isotopic composition appears to be strongly biased by the temperature
effect, which is based solely on latitude and altitude estimations
(e.g., 5130p =a/Lat /*+ b/Lat /+ cAlt ; Bowen and Revenaugh, 2003), without
taking into consideration the strong influence of the southeastern Pacific
anticyclone (high pressure area) and circumpolar low pressure area from
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Fig. 9.63 Gridded mean annual 3180 (%.) below ~ 20°S for South America according to
Bowen and Revenaugh (2003). Long-term stable isotope monitoring stations are defined by
red triangles.
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Fig.9.64 Representative 10-day air mass back trajectories calculated using the HYSPLIT model
(Stein et al., 2015) for the three wettest months in 2015 at La Serena (A), Santiago (B), Puerto
Montt (C), and Punta Arenas (D) monitoring station. Months are color coded.

the Antarctic Sea. The latter is represented in the HYSPLIT air mass back
trajectories (Fig. 9.64). During the wettest months, precipitation at La Serena
and Santiago mainly originated from within the southeastern Pacific Ocean,
whereas a strong Antarctic Sea influence was observed at Puerto Montt and
Punta Arenas. Figure 9.65 shows representative isotopic data in different
hydrological components. Although, historical isotopic studies in Chile have
been highly concentrated in the northern region, the available data serve
as a fundamental reference. As expected, ice coring data at high elevation
sites presented the most depleted compositions but in a similar range of
modern precipitation (Fig. 9.59). In the northern region, groundwater and
surface water exhibited strong secondary evaporation processes; however,
the isotopic spectrum (Fig. 9.65) also highlighted the relevance of spring
recharge at high elevations in several locations in the western slope of the
Andes Cordillera.
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groundwater, ice coring, and geothermal) from IAEA archives for Chile, Uribe et al. (2015),
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Conclusions

Continuous (> 10-years) stable isotope records in precipitation along
the Andes Cordillera are scarce. However, the recognition that modern
precipitation dynamics may help to understand past climate conditions in
paleo-archives has increased the number of monitoring efforts and related-
hydrological studies. This study presents a long-term analysis (24-years)
of monthly stable isotopes in precipitation across four stations in Chile (La
Serena, Santiago, Puerto Montt and Punta Arenas). Overall, the 24-year
continental meteoric water line of Chile is described as: §°H = 7.66 §"*O
+3.42 (r*=0.94) with a mean d-excess of +7.0%o. The second-order variables,
d-excess (Ic-excess), exhibited a strong latitudinal decreasing trend: +9.8 %o
(+1.5%0) (La Serena), +8.3%o (-0.4%0) (Santiago), +7.7 %o (-0.5%0) (Puerto
Montt) and +2.3%o (—6.9%0) (Punta Arenas), likely reflecting the influence
of non-equilibrium processes as mean annual temperature decreases and
snow formation is favored towards the southern regions. Long-term §"*O
ranged from enriched values within the northern semi-arid region of La
Serena to a more depleted composition in the coastal Patagonia region of
Punta Arenas, whereas intermediate §"*O compositions were observed
within the central and higher elevation region of Santiago and the southern
coastal region of Puerto Montt. This isotopic pattern is well depicted in the
surface water and groundwater domains.
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Representative 10-day HYSPLIT air mass back trajectories revealed
the strong influence of two major atmospheric transport mechanisms:
the sub-tropical southeastern Pacific anticyclone (high pressure area) and
the circumpolar low pressure area from the Antarctic Sea. The latitudinal
spectrum among the monitoring network resulted in (a) a significant
precipitation amount effect (P < 0.01) in three stations: —2.6%. $'*0/100
mm (Punta Arenas), —1.5%. 8'0/100 mm (Puerto Montt), and —2.0 %o
0'*0/100 mm (Santiago), and (b) a temperature effect only significant
(P < 0.01) at Punta Arenas (+0.34 %0 5'¥0)/°C) and Puerto Montt (+0.40 %o
880 /°C) stations. The relationship of §'*O versus elevation (only for sites
where elevations were properly reported) resulted in an orographic effect
across the western slope of the southern Andes Cordillera of —3.47 %o /km
for 8'80. Finally, the absence of a continuous sampling transect from the
coast to the high elevations within the Andes Cordillera of Chile invokes
the need of further investigation of altitude and / or orographic effects under
a changing climate. This investigation should be complemented with the
implementation of surface water and groundwater isoscapes, which can
significantly improve the spatial understanding of hydrological connectivity
between high elevation recharge and lowland discharge within the Pacific
slope of the Andes Cordillera.
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CHAPTER 10

Hydrological Modeling to Assess Runoff in a
Semi-arid Andean Headwater Catchment
for Water Management in Central Chile

Penedo-Julien, S.,** Nauditt, A.,! Kiinne, A.,?
Souvignet, M.,* and Krause, P*

Introduction

Population growth and economic development have led to a degradation
of water resources worldwide. Water stress is likely to be exacerbated by
climate change by increasing the number and intensity of climate-driven
hazards, such as droughts and floods. In this context, arid and semi-arid
mountainous areas are especially vulnerable to changes in climate due to
their high fragile dependency on precipitation and temperature patterns.
Furthermore, these regions often host basins” headwaters playing a key role
as water providers for downstream communities and ecosystems (Barnett
et al., 2005; Price and Egan, 2014).

Hence adaptation strategies to climate change are particularly relevant
for these areas. However, policies are usually designed at the national level
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and there is a lack of implementation at the watershed level. Therefore,
climate change impact assessments at the river basin scale are needed to
support planning and decision-making.

Hydrological models have been widely used to assess the impacts of
climate change on water availability at the watershed level (Jiang et al.,
2007; Vicufia et al., 2011; Zhu and Ringler, 2012; Vargas et al., 2013; Alam
et al., 2015; Mourato et al., 2015; Versini et al., 2016). For instance, Bai et al.
(2009) have described models as useful tools for testing hypotheses about
watershed behavior and Ji (2008) for scenario analysis to support water
management in the context of climate change. Hydrological modeling
can provide a better understanding of the water cycle and give insights to
hydrologic processes in remote mountainous catchments.

However, arid mountainous and poorly gauged regions still pose a
major challenge due to their high spatial and temporal climatic variability
as well as the lack of good quality and statistically representative in situ
monitored data. Furthermore, models have to deal with large uncertainties
related to unknown storage conditions and hydraulic properties of the
associated geological layers. For this reason, hydrological model research in
such areas is particularly relevant. Once models have proved their predictive
ability they can be used to properly design and assess ad hoc sustainable
management plans, considering climate change impacts.

Rainfall-Runoff Modeling in Semi-Arid and Snow Melt Driven
Mountainous Catchments

Robust rainfall-runoff simulations provide valuable information for
long term and seasonal water availability projections as well as for the
management of hydrological extremes such as floods and droughts. In
arid and semi-arid environment conditions for hydrological modeling are
unfavorable. This can be mainly attributed to the lack of representative
rainfall values to force rainfall-runoff modeling as well as general data
scarcity with mostly unknown contributions from near-surface, sub-surface
and groundwater flow paths (Pilgrim et al., 1988; Lidén and Harlin, 2000;
Van Loon and Van Lanen, 2012). Due to their limited accessibility, monitored
data are even sparser in high elevation cryospheric headwater catchments
increasing uncertainty (Zambrano-Bigiarini et al., 2016).

This might explain why most of the available modeling work based
on data from snowmelt driven mountainous catchments has been carried
out at colder high latitude regions, where precipitation rates are higher
than 500 mm per year and considerable snowfall accumulation occurs
during the winter months as for, e.g., the Northern Colorado River Basin,
the Rocky Mountains and the Alps (Pomeroy et al., 2004; Lehning et al.,



Hydrological Modeling in a Semi-arid Andean Catchment 233

2006; Adam et al., 2009). Fewer modeling exercises have been carried out in
mountainous areas draining to subtropical semi-arid or arid regions at low
and middle latitudes with the purpose to assess potential climate change
impacts on discharge—mostly incorporating snow cover data satellite
imagery such as MODIS (Immerzeel, 2010; Chauvin et al., 2011; Bocchiola
et al., 2011; Duethmann et al., 2014). In Chile, hydrological modeling has
been applied to few glaciered catchments at latitudes further south from
our study region for which more comprehensive data sets and observations
are available. For instance, modeling case studies were conducted using
the Water Evaluation and Planning Tool (WEAP), the physically-based and
semi-distributed TOPKAPI-ETH as well as the SWAT model (Pellicciotti et
al., 2008; Stehr et al., 2009; Ragettli et al., 2014; Omani et al., 2016).

Rainfall-Runoff Modeling in the Andean Headwaters of the
Limari River Basin

For the headwater catchments of the Limari Basin the WEAP model has
already been applied on a monthly scale. The model was used to assess the
impacts of climate projections—obtained with statistical downscaling—on
streamflow. The results showed that increasing temperatures and changing
precipitation patterns are likely to significantly reduce long-term runoff
due to accelerated snow and glacier melting and hence lead to lower water
availability, especially in the summer time (Vicufia et al., 2010).

Empirical observations show that some physical aspects of high
elevation environments, such as limited vegetation cover and sparse soil
formation have a rather limited influence on the hydrological system,
and hence they do not require complex model representation. Therefore,
recently the conceptual rainfall-runoff model HBV light was used to test
the hydrological processes dominated by snow melt and groundwater
movements in the Rio Grande and Tascadero headwaters. By calibrating
the model across different periods of extreme climatic conditions, impacts
on model performance, parameter sensitivity and identifiability were
investigated. The results suggest that, independently of a dry or wet period
of calibration, the streamflow response is mostly consistent with flux from
groundwater storage, while only a small fraction comes from direct routing
of snowmelt. The variation of model parameters, such as the groundwater
rate coefficient, was found to be consistent with differing recharge in wet and
dry years. The resulting snowmelt-groundwater model represents a useful
tool for predictions of seasonal water availability and a basis for further field
studies data scarce and semi-arid Andean catchments (Nauditt et al., 2016).

However, to represent rainfall-runoff relationships for discharge
predictions on a daily scale more reliably, a better representation of
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precipitation inputs and catchment behavior are needed. The small number
of precipitation events recorded at the only station in the catchment outlet
cannot represent areal precipitation of Andean catchments with a steep
elevation gradient. Additional inputs at higher elevations might therefore
be provided by satellite based precipitation products (Zambrano-Bigiarini
et al., 2016). Also the missing information about in situ catchment specific
characteristics such as snow, land use and soils might be provided by satellite
products. Although there are many applications of lumped hydrological
models with the incorporation of landscape classification (Savenjie, 2010)
or tracer analyses results (Soulsby et al., 2003; Hrachowitz et al., 2010) for
higher moisture rich latitudes, there is a demand to test if these approaches
are appropriate for data sparse semi-arid snowmelt driven catchments.

In this study we tested the performance of two models incorporating
spatially distributed catchment information in the same headwater
catchment of the Limari: the Upper Hurtado Basin (UHB).

Rainfall-Runoff Modeling in the Upper Hurtado Basin (UHB)

We used two hydrological models (SWAT and J2000) with different levels of
complexity and spatial distribution approaches to simulate discharge for the
Hurtado headwater catchment to compare their performance considering
several criteria. As aforementioned, SWAT has only been applied to more
moisture rich Andean catchments (Stehr et al., 2009; Omani et al., 2016)
while the J2000 model has not yet been used in this region. The UHB in
semi-arid central Chile was selected for this study since it combines four
interesting challenges for hydrological modeling in particular and for water
resources management in general: (i) snow-driven mountainous river basin,
(ii) semi-arid climate, (iii) high spatial heterogeneity, and (iv) data-scarcity.

Study Area

The UHB is located within the Coquimbo region and has a drainage
area of 670 km? (see Fig. 10.66). The elevation varies from 2,000 to 5,500
m a.s.l. with a mean elevation of 3,724. According to the Koppen-Geiger
classification the UHB belongs to the Bsk subgroup which is characterized
by a long dry season (7-10 months) and that precipitation is less than
potential evapotranspiration (Souvignet, 2010). The regional climate is
driven by three main factors: (i) the southeast Pacific anticyclone, (ii) the
cold Humboldt Current along the Pacific coast, (ii) the mountain range of
the Andes (Oyarzun et al., 2003). Precipitation and temperature patterns
follow an E-W axis driven by changes in altitude. Mean annual precipitation,
including snowfall, for the period 1979-2006 measured at Hurtado was
147 mm concentrating in the winter months of June and July. The dry season
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Fig. 10.66 Location of the Upper Hurtado Basin (UHB).

goes from September until April. Precipitation is strongly influenced by
orography, El Nifio Southern Oscillation (ENSO) and the Pacific Decadal
Oscillation (PDO) contributing to a high inter- and intra-annual variability
(Souvignet, 2010; Ntfiez et al., 2013). For instance, ENSO events can multiply
annual precipitation by a factor of 2-3 (Oyarzin et al., 2003). Moreover,
local basin features such as valley orientation, hill slope exposure, abrupt
elevation changes result in relevant, small-scale variability in precipitation
and snow accumulation spatial patterns (Favier et al., 2009). Mean annual
temperature, also measured at Hurtado for the same period, was 17°C
reaching its minimum in July (13°C), coinciding with the precipitation
maximum, while the maximum temperature was reached in February
(21°C).

The Hurtado River has an average flow (1979-2006) of 3.28 m3ss. It is
a snow-driven basin concentrating precipitation in winter but showing its
highest discharge values in spring and early summer due to snow melt. A
recent study conducted in north-central Chile found a streamflow regime
shift related to a change in the PDO (Ntifiez et al., 2013) which needs to be
considered for future hydrological analysis. The UHB hosts the headwaters
of the Limari Basin even though its glacier coverage is relatively low (7%,
Souvignet, 2010). The basin contributes to the downstream agricultural
(e.g., the Recoleta irrigation system) and municipal water demand making
it relevant for the socio-economic development of the region.
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Fig.10.67 Temperature diagram (1979-2006) at Hurtado (left) and hydrological station at San
Agustin (right) with monthly precipitation as reference. Data: Direccién General de Aguas
(DGA, Chilean Water Authority)

Data and Methods

Selecting the appropriate model is a key step in order to accurately represent
the most important features of the watershed and be able to predict variables
such as streamflow, evapotranspiration, snowmelt, among others (Bai et
al., 2009). Cunderlik (2003) suggests the complexity as a key factor to be
taken into account since simpler models require less physical parameters
and input data as well as setup efforts and computational resources. By
increasing complexity more parameters are needed. Hence, the potential
for equifinality—i.e., the similar model predictions can be obtained with
different sets of parameters (Beven and Freer, 2001).

One of the main challenges while modeling a cold mountainous
watershed is a good estimation of snow accumulation and snowmelt. For
instance, in the UHB, snowmelt is the main driver of streamflow and its
good representation is determinant to obtain satisfactory modeling results.
In order to accurately represent hydrological-related snow processes
and reduce uncertainty, good quality monitored data is required. This is
especially difficult in basins with heterogeneous orography and lack of
financial resources to install long-term monitoring stations, especially at
high altitudes with limited accessibility.

The best approach to model snow accumulation and snowmelt
should include an energy balance but the variables needed for this
(e.g., solar radiation, surface albedo, snow density, wind speed, atmospheric
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vapor pressure) are usually not available (Zeinivand and De Smedt,
2009). Therefore, models generally approximate this problem by using
air temperature-based calculations to simulate snow accumulation and
snowmelt (Zeinivand and De Smedt, 2009).

For this study, two hydrological models with different levels of
complexity, snowmelt computation and distribution approach were
implemented in the UHB in order to compare their performance in such a
challenging environment. Streamflow was selected as hydrological variable
to compare both models due to its utmost relevance for the agricultural
production downstream as well as for the environment.

The Soil and Water Assessment Tool (SWAT) is a basin-scale, continuous
time model, which operates on a daily time step and is designed to predict
the impact of management on water, sediment, and agriculture (Gassman
et al.,, 2007). SWAT is a physically based, spatially semi-distributed and
computationally efficient model which can simulate long periods of time
(Arnold et al., 1998). SWAT components can be categorized into two main
classes: (i) the land phase of the hydrological cycle and (ii) the routing
of runoff through the stream network (Stehr et al., 2008). The land phase
considers processes such as surface runoff, snow accumulation and melt,
evapotranspiration, percolation, groundwater while the routing phase
includes methods to determine how water is channelized through the river
network (see Table 10.17). An extended description of the model and its
components can be found in Neitsch et al. (2005).

Table 10.17 Hydrological processes and the calculation methods used for this study (SWAT
and J2000).

Process SWAT J2000
Evapotranspiration Hargreaves and Samani (1985)
Snow melt Temperature index (Fontaine et Accumulation, metamorphosis,
al., 2002) and snow melt (Krause, 2001)

Infiltration Based on the Curve number Maximum infiltration capacity

(CN) after SCS (1972) (three different cases: summer,

winter, snow)
Surface runoff Curve number (CN) after SCS Linear storage
(Soil Conservation Service, 1972)
Interception Based on LAI Based on LAI (Dickinson, 1984)
Interflow and Kinetic storage model Maximum percolation rate
percolation Interflow: Linear storage
Routing Muskingum method (Cunge, Kinematic wave normal mode
1969)

Regionalization of Elevation bands Elevation correction

point measurements
(e.g., temp, precip)
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J2000 is a process-based fully distributed hydrological model developed
by Krause (2001) to understand and describe the hydrological processes
taking place at the basin level. J2000 was designed for dynamic simulations
of water transport in meso- to macro-scale river basins (Krause, 2001). It
was implemented using the Jena Adaptable Modeling System (JAMS)
framework (Kralisch et al., 2007). J2000 has different modules representing
hydrological processes such as evapotranspiration, snow accumulation
and melt, infiltration, interception, groundwater and reach routing (see
Table 10.17). J2000 generates four different runoff components: (i) RD1
which is the fast direct runoff flowing over the surface, (ii) RD2 which is the
‘fast’ subsurface runoff (also known as interflow (1) which can be regarded
as a lateral subsurface flow (Nepal, 2012), (iii) RG1 which is the ‘slow’
subsurface runoff component (also known as interflow (2) originating in
the weathering layer of the lithological zone, (iv) RG2 which is the ‘slow’
baseflow component originating in the consolidated bedrock. The complete
description of the model and its components is available in Krause (2001).

Both models apply the Hydrological Response Units (HRUs) concept
which was first proposed by Leavesley et al. (1983) trying to decompose the
basin’s heterogeneity into modeling entities with relatively homogenous
topographic characteristics. However, each hydrologic model uses a specific
approach to delimit and delineate the HRUs. SWAT treats the HRUs as
lumped land areas within the sub-basins and are comprised of unique land
cover and soil (Neitsch et al., 2005). J2000 defines the HRUs based on Fliigel
(1996) as land use and pedogeological homogenous units controlling water
dynamics within the basin. The HRU delineation for the J2000 was achieved
by using topographic values such as slope, aspect and the topographic
wetness index (TWI) which were derived from the DEM. In addition,
geology, soil and land use classes were overlaid to derive the final HRUs
via cluster analysis using a tool developed by Pfennig and Wolf (2007).

Daily records for temperature and precipitation for the period 1974-2006
were used from surrounding stations for different locations and altitudes
(Table 10.18). Furthermore, a discharge station with daily values for the
period 1963-2006 was used to calibrate and validate both models.

The topography was derived from the Digital Elevation Model (DEM)
which was provided by the Centre for Advanced Studies in Arid Zones
(CEAZA) with a cell size of 90 x 90 m and a vertical accuracy varying from
6 to 10 m. CEAZA processed the DEM from the Shuttle Radar Topography
Mission (SRTM).

The soil map was obtained from the Soil and Terrain Database for South
America which is a subset of the FAO/UNESCO Soil Map of the World
(FAO, 1995). The derived properties include parameters such as pH, organic
carbon content, C/N ratio, clay mineralogy, depth, moisture capacity,
drainage class. Some of these properties are important to parameterize the
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Table 10.18 Location of meteorological and one discharge stations (T = temperature,
P = precipitation).

Station Lat (S) Long Elevation Parameter Period Resolution
W) (m.a.s.l.)
Caren 30°51 70°46 740 T 1967-2006 Daily
Hurtado 30°17 70°41 1,100 TP 1974-2006 Daily
La Laguna Emb.  30°12 70°02 3,160 T,P 1974-2006 Daily
La Paloma Emb.  30°41 71°02 320 Sunshine, 1974-2003 Monthly
Wind

Las Ramadas 31°01 70°34 1,380 TP 1974-2006 Daily
Pabellén 30°24 70°34 1,920 P 1968-2006 Daily
Pichasca 30°23 70°52 725 P 1946-2006 Daily
Rapel 30°43 70°46 870 P 1969-2006 Daily
San Agustin 30°27 70°32 2,035 Discharge 19632006 Daily
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Fig. 10.68 Land use and soil maps for the UHB.

two models concerning soil properties governing hydrological processes
(e.g., infiltration). Due to the low resolution of the soil map only two soil
classes could be delimited for the UHB (see Fig. 10.68). The two major soil
classes in the region area are eutric and dystric Leptosols (LPe and LPd,
respectively).

The land cover map was composed after data originally sampled by
the Institute for Agricultural Research (INIA, 2008). The dominant land
cover in the basin is classified as areas above vegetation limit (i.e., no or
almost no vegetation) with 73% of the total surface. Matorral or shrubland
(25%) follows as land cover mainly located in the vicinity of the main
rivers. Matorral with cacti and agriculture, practised in the lower parts of



240 Andean Hydrology

Fig. 10.69 HRUs used to model with SWAT (top) and J2000 (bottom).

the basin (mainly orchards and vineyards), cover around 6% of the basin,
respectively. The different GIS layers (topography, soil type, land cover)
were used to delineate the HRUs for modelling purposes: 50 HRUs for
SWAT, 2,048 HRUs for J2000 (see Fig. 10.69).

Calibration and validation of hydrological models is necessary to adjust
the large number of parameters (23 for SWAT and 48 total parameters
for J2000) and then to evaluate the predicted values with a selected
parameter set. For this study, the split-sample calibration-validation
approach suggested by Klemes (1986) was applied which is widely used in
hydrological simulations. The period 1984-1990 was considered to adjust
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the different parameters (calibration) while 1991-2003 to test and assess
the response of the models with the previously defined set of parameters
(validation). According to Gupta et al. (2006) there are three calibration
methods available: (i) manual trial-and-error, (ii) automatic or numerical
parameter optimization, and (iii) combination of both. The third option was
used for both models doing first a manual trial-and-error followed by a
numerical optimization. The automatic calibration was done minimizing the
sum of squares of the Nash-Sutcliffe (NS) goodness of fit (which is explained
below). The model simulations for both models were performed daily.

The comparison of observed and simulated values helps to evaluate the
performance of the model during the calibration and validation periods.
There are several indicators available to evaluate model performance.
In order to compare the results of both models—SWAT and J2000—four
efficiency criteria were selected based on published hydrological studies
(Krause et al., 2005; Legates and McCabe, 1999; Yapo et al., 1996): r>—to
measure dispersion, Nash-Sutcliffe (NS)—to assess peaks, logarithmic Nash-
Sutcliffe (LNS)—to assess low flows—and the percentage bias (PBIAS)—to
assess over- or underestimation.

Results and Discussion

A sensitivity analysis was conducted for both models to reduce the number
of parameters to be calibrated. The most sensitive parameters (p value
< 0.05) were adjusted to fit the simulated to the observed streamflow.
For SWAT, the sensitive parameters included baseflow alfa factor, initial
SCS runoff curve number, melt factors of snow, slope length for lateral
subflow, soil evaporation compensation factor, surface runoff lag coefficient,
groundwater delay and snowmelt base temperature. As it can be observed,
these parameters cover a broad scope of processes such as snowmelt,
surface runoff and groundwater movement as well as evapotranspiration.
Furthermore, the most sensitive parameters for J2000 included base
temperature, temperature, rain and soil heat factors for snowmelt calculation
as well as reduction coefficient for evapotranspiration calculation and RG1
and RG2 outflow adaptation factors. These parameters also cover a wide
scope of hydrological processes such as snowmelt, evapotranspiration
(important for the water balance) and groundwater flows.

The graphical results of both simulations can be seen in Fig. 10.70
for the calibration period. Both models can fairly reproduce the monthly
hydrograph. Van Liew et al. (2005) suggest a scale to interpret NS values:
(i) higher than 0.75 as “good’, (ii) between 0.75 and 0.36 as ‘satisfactory’,
(iif) and below 0.36 as ‘not satisfactory’. Based on this scale SWAT (NS =
0.75) has ‘satisfactory” performance while J2000 (NS = 0.89) performs as
‘good’ (Table 10.19).
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Fig. 10.70 Results of the calibration period (1984-1990) for both models.

Table 10.19 Efficiency criteria for the calibration period (1984-1990).

Model r2 NS LNS PBIAS
J2000 0.89 0.89 0.90 0.53
SWAT 0.75 0.70 0.45 -9.85

However, none of the models was able to properly simulate extreme
peak flows, especially the one from 1988 which is largely underpredicted
(SWAT only predicts half of the peak while J2000 only 0.8). This is very likely
a consequence of an underprediction of total precipitation in the basin due
to the low number of precipitation stations, especially in high altitudes.
Furthermore, SWAT can better reach moderate peak flows (e.g., 1985) than
J2000 which overpredicts it. The most significant difference in performance
can be observed in the simulation of the baseflow during low flow periods.
SWAT systematically under- and overpredicts the baseflow (LNS = 0.45)
while J2000 is able to represent the dynamic and magnitude (LNS = 0.85).
This might be a consequence of a better representation of groundwater and
storage processes. Finally, PBIAS shows how the predicted values were
larger or smaller than their observed counterparts (Yapo et al., 1996). J2000
overpredicts only 0.53% of the values while SWAT’s underpredicts them
by almost 10% (Table 10.19).

Figure 10.71 shows the performance of both models during the
validation period (1991-2003). Based on the efficiency criteria, excluding
LNS (Table 10.20), both models present a comparable performance.
SWAT has a slightly better r> and NS. A graphical analysis, however,
allows detecting that SWAT overpredicts moderate peak flows while
underpredicting extreme ones while J2000 simulated fairly the moderate
peak flows but it also underpredicts extreme ones.

There was a long dry period from 1994 until 1998 where discharge was
mainly driven by baseflow. Again, as for the calibration period, SWAT was
not able to reproduce the hydrological dynamics during dry years (LNS =
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Fig. 10.71 Results of the validation period (1991-2003) for both models.

Table 10.20 Efficiency criteria for the validation period (1991-2003).

Model 12 NS LNS MAE PBIAS
J2000 0.70 0.67 0.68 1.03 6.20
SWAT 0.74 0.70 0.01 1.37 18.73
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Fig. 10.72 Results of the logarithmic values for the validation period (1991-2003).

0.01, ‘not satisfactory”) while J2000 did it ‘satisfactory’ (LNS = 0.68). During
the validation period the difference in low flow simulation is even clearer.
Furthermore, J2000 overpredicts in 6.19% the observed values while SWAT
does it in more than double (18.73%).

Figure 10.72 shows the logarithmic values for the measured and
predicted values to reduce the sensitivity to extreme peak flows and
better visualize the performance of both models during low flow periods
(Krause et al., 2005). It can clearly be seen that J2000 reproduces fairly the
hydrological pattern while SWAT does it poorly with a systematic under-
and overprediction. This fundamental difference might be a consequence of
the two sub-surface runoff components (RG1 and RG2) modeled by J2000
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with different velocities. This approach appears to better simulate the timing
and amount of water contributing to the baseflow during the dry period
in the basin. For the SWAT, on the other hand, the automated baseflow
separation and recession analysis technique developed by Arnold and Allen
(1999) was considered. The results, however, present great difficulties of
baseflow simulation during dry periods.

In general, if only the NS was considered, both models were able to
simulate the monthly streamflow in the UHB. However, there are significant
differences if the hydrograph is looked at closer. For instance, as mentioned
before none of the models was able to accurately represent streamflow peaks.
This suggests that both models are melting snow too slowly during extreme
events and surface runoff is being underpredicted. Furthermore, this might
be an indication of poor aerial representation of precipitation distribution
and, therefore, not enough snow is accumulated during precipitation events.
Also underprediction of regionalized precipitation due to lack of stations at
high altitudes generates high uncertainty of the input data. Finally, a source
of uncertainty is introduced by deriving streamflow data from water level
observations through a rating curve. Moreover, discharge measurements
are often not possible during high flows, introducing extrapolation errors
for peak flows in the hydrograph (Domeneghetti et al., 2012). On the other
hand, J2000 performs much better than SWAT during low flow periods
suggesting a better representation of groundwater processes. This, however,
requires further research on groundwater pathways and their validation
with hydrological models.

Another important difference between the two models is the distribution
approach. SWAT used only 195 HRUs being unable to properly represent the
orographic heterogeneity of the basin. J2000 increased by a factor of 40 the
number of HRUs and allowed a better representation of water distribution
and precipitation distribution.

The Role of Areal Precipitation in Modeling Data Scarce
Snowmelt Driven Catchments

Rainfall-runoff modeling in arid to semi-arid catchments is a major
challenge mainly attributable to a lack of observed precipitation as well as
longer periods of no rainfall and high climatic variability (Pilgrim et al.,
1988; Lidén et al., 2011; Van Loon and Van Lanen, 2012). For semi-arid data
scarce Andean catchments, model calibration is extremely dependent on
how precipitation inputs at higher elevations are calculated. In the semi
distributed conceptual HBV-light model (Seibert and Vis, 2012) for example,
attempts to fix the precipitation calibration parameter Pcalt value to 10 or
20% rainfall increase per 100 m of elevation provided insufficient moisture
to sustain flows over dry periods. Thus, Nauditt et al. (2016) used the



Hydrological Modeling in a Semi-arid Andean Catchment 245

precipitation parameter Pcalt for Monte Carlo calibration with a range of up
to 50% increase per 100 meters for the Rio Grande and Tascadero headwater
catchments. Whilst this provided a pragmatic solution to close the water
balance, as it calculates percentages of observed rainfall at Las Ramadas
station, precipitation at higher elevations during the days when no rain
was recorded at this station could not be estimated. In the absence of more
direct measurements of precipitation (or inferences from remote sensing) at
high altitudes, this limits the ability of HBV to provide good simulations,
especially when precipitation inputs are low with many 0 values in the
input time series. With additional precipitation data from satellite, radar
or weather models and more advanced spatial interpolation methods its
performance might be improved (Zambrano et al., 2016).

Despite this, the study suggests that HBV can provide reasonable
simulations of both the melt and dry periods. The structure of HBV is
well suited to conceptualize the catchment as a snowmelt store essentially
recharging a groundwater body which sustains stream flows. The model
struggled with the timing of peak flows, but this likely reflects the
simplifying assumptions of the day degree method in HBV light and
probably less well performing snow melt simulations (Nauditt et al., 2016).

For modeling the Hurtado with J2000, stations outside the basin
were used, including two stations at higher elevations (Table 10.18) to
establish regressions for altitudinal differences. The regionalization of the
precipitation was then achieved by using mainly one station (Pabellén)
and doing elevation corrections for each HRU, based on the regressions
established by the model.

For the SWAT modeling, regionalization was approached by applying
the concept of elevation bands with fixed lapse rates in mm/km. This
approach has the advantage that precipitation inputs can be added to the
0 values.

Apparently, the method of J2000 using other stations in the region was
more successful to spatially estimate the areal precipitation. Nonetheless,
the extrapolation of monitored precipitation data to higher altitudes poses
the strongest challenge to outweigh uncertainties related to the input data.
This might be also the main reason why both models underestimated ENSO-
related extreme streamflow peaks (e.g., 1998), although this might be also
a consequence of a poor estimation of high flows, as mentioned before.

The application of models such as J2000, SWAT and HBV light proved
that, in this type of environment, the proper representation of precipitation
and groundwater processes are of utmost importance. Satellite products
could support these regionalization procedures while the use of tracers
might give an insight on the pathways of the different runoff components.
Given the complex topography, high short wave radiation inputs and the
effects of aspect, spatially-distributed energy balance-based snowmelt
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models might be also useful for the high Andes (Pellicciotti et al., 2008;
Ragletti et al., 2014).

How Can the Results of Hydrological Modeling Support Water
Management in the Limari Basin?

A key objective of the presented study was to contribute to the development
of models that can give a reasonable prediction of flows and water resource
availability across periods of hydro-climatic variability in semi-arid Andean
catchments.

The calibrated models were capable of providing streamflow forecasts
for the melting (October to December) and dry season (September to
May) based on precipitation during the wet season (May—-August). In the
larger Limari River Basin where downstream water use has significantly
increased during the last decades and where is a high degree of dependence
on dry season flows, such models are clearly of value. Also, the ability of
the models to produce reasonable predictions across a range of climatic
extremes encompassing El Nifio and La Nifia years implies that they provide
a basis for tentative projections of flows under climate change scenarios.
These would enable evaluation of anticipated climatic changes due to
temperature increase on inter-annual discharge variability. Such analyses
are of increasing importance as according to the IPCC (2013), in the long
term (i.e., period 2081-2100), the mean annual temperatures in Central
Chile are expected to increase by +1 to +4°C, with increases of up to 5°C
for daily maximum temperatures. This is consistent with the strong trends
of increasing temperatures during the past 60 years at high elevation areas
in the extratropical Andes (Vuille et al., 2015). Global circulation models
forced with the high-emission scenario RCP8.5 for 2050 project an annual
precipitation decrease of 15-20% in central Chile (Collins et al., 2013).
However, climate model projections for precipitation and related variables
remain uncertain, though in some places in the central Andes they are being
used to make projections of likely impacts on monthly and annual stream
flow regimes (Vicuna et al., 2010; Bonelli et al., 2014; Bozkurt et al., 2017).

An alternative, or complementary approach, could be to use seasonal
discharge scenarios based on winter precipitation and exploratory long term
scenarios which are based on hydro-climatic variability. These could use
estimated input data from historical records for periods that reflect extreme
climatic conditions with higher mean daily temperatures, and precipitation
extremes from the wet and dry phases. The likely flow response to such
situations which could be used as proxies for more common situations
expected from climate change projections and associated temperature
increases and precipitation changes. Such scenarios could give guidance
to inform stakeholders on local and national level for long term water
management and allocation strategies.
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The models are therefore most useful to develop discharge scenarios
based on estimations of hydro-climatic variability such as anticipated rising
temperatures and lower precipitation rates for central Chile (Cortés et al.,
2011; Boisier et al., 2016). They can be used to test the long term sensitivity
of the local water resource systems against climate change. Such scenarios
would serve as decision support for disaster risk management to deal with
climatic extremes.

Conclusions

Andean headwater catchments are the main source of water supply for
downstream semi-arid irrigation dependent communities. Only little
information is available about catchment characteristics, cryosphere and
hydrological processes for these remote areas to support water management
with discharge predictions.

Arid mountainous river basins represent a challenge to hydrological
models. First, the lack of representative meteorological data poses an
uncertainty problem especially at high altitudes where no information
is available (there is not even a precipitation station at least at the mean
elevation). Furthermore, the spatial and temporal variability of precipitation
events and other meteorological variables driven by ENSO is difficult to
account using hydrological models.

Based on hydro-meteorological time series of almost 50 years at the
catchment outlets and in situ measurements, runoff processes in three
perennial Andean headwater catchments—the Rio Grande, Tascadero and
Hurtado—in central Chile were assessed using statistical analyses, different
modeling approaches, field observations and synoptic tracer surveys as
tools to understand dominant hydrological processes in two headwater
catchments of the 11.696 km? Limari Basin.

Arid regions are characterized by long dry periods where baseflow plays
a preponderant role. Therefore, modeling low flows (which may go on for
years) are of utmost relevant to assess water availability, especially during
droughts. The results from this study show that models can fairly simulate
the hydrograph for the calibration and validation periods. However, they
systemically underpredict extreme peak flows related to ENSO events.
This may be induced by the lack of representative precipitation data in
high altitudes in the basin and also by a misrepresentation of snow-related
processes. Moreover, SWAT shows slightly better statistics based on r2
and NS for both periods (calibration and validation). However, SWAT
could not properly simulate low flows during the long dry periods—an
important limitation for this basin, while J2000 showed a good baseflow
simulation performance also during dry periods. These models are hence
not recommended for flood management in the region since the peak flows
were systematically underpredicted.
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We also concluded that the selection and evaluation of efficiency
criteria is paramount to assess the accuracy of a model and its usefulness
for a specific basin. A wrong selection can lead to wrong assumptions and
wrong decisions. Hence, a combination of different efficiency criteria is
the best approach for a sound scientific model calibration and validation
(Krause et al., 2005).

Groundwater processes are still a major research gap in the area and
its representation has to be improved (Hublart et al., 2016). Moreover, due
to the difficulty of identifying and estimating precipitation in this region
isotope-based studies could help quantifying contribution from snowmelt,
rainfall, groundwater and glaciers to streamflow (Ohlanders et al., 2013).
This information could also help to physically determine the value of model
parameters and reduce their predictive uncertainty.

Although the lack of information can pose a problem for the
implementation of hydrological models in poorly gauged basins, newer
technologies such as remote sensing can contribute to improve the quality
of the data available. Moreover, physically-based models can help in
gaining understanding about hydrological processes and can be used as
a management tool in fragile and vulnerable basins in arid regions facing
new challenges such as climate change, over use and land use changes.

In this context, besides the recommendations in the previous chapter,
further research would add to the urgently needed evidence base for
sustainable water resource management. Immediate priorities based on the
above described findings, would include to use the calibrated models for
water management and improve the representation of rainfall inputs in the
water balance of high elevation headwater catchments by: (1) incorporating
satellite based precipitation data to recalibrate the HBV light model for Rio
Grande and Tascadero and SWAT and J2000 for Hurtado and evaluate the
results against the simulation performance with station data. Zambrano-
Bigiarini et al. (2016) identified CHIRPSv?2 as best performing product in that
region; Beck et al. (2016) will soon release a promising improved MSWEP
vs product. (2) A real-time precipitation product as PERSIAN CSS should
be applied to test its ability to close the water balance and be used for
discharge predictions based on real-time data. Satellite based precipitation
estimates can provide input data for hydrological models in regions where
rain or snow gauges are not installed—and will likely not be available in the
future. (3) Simulating scenarios with synthetic data of rising temperatures
changing the snowmelt onset.

It can be concluded that the methods and models evaluated and used
in this study can serve as tools for decision support in water availability
and allocation. Further scenarios and thresholds for water management
will be developed after discussing and updating research demand with
the stakeholders in charge in both regions. However, the modeling results,
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although useful, need to be recognized as tentative and uncertain. Future
work therefore also needs to be based on stronger uncertainty analysis on
the entire modeling process (Refsgaard et al., 2004).
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