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Summary
The Tropical Andes continue to suffer the most radical climatic changes in South America.
These changes generate alterations in its ecosystems, and therefore affect local populations,
whose livelihoods are dependent on its diversity and functioning. This is particularly true for rural
populations who rely on agriculture as their primary source of food and income. Although the
biophysical pathways through which climate change can affect these populations have received
extensive scientific attention, it is urgent to study the socioeconomic pathways, at scales that allow
the development of vulnerability reduction strategies at the local level.
The present study is part of the INCA project (International Network on Climate Change),
which is a research network that analyses the local strategies of farmers under a changing climate
in the Tropical Andes (Lindner et al. 2017). To contribute to this goal this study investigates
climate-related vulnerability and climate change adaptation at local scales.
First, the current vulnerability of farm household systems (FHSs) to climate-related hazards
is assessed. This is done by looking at determinants that are internal (adaptive capital) and
external (climate-related hazards) to the FHSs. Based on the recurrence of internal factors, FHSs
are categorized into different groups. These groups are validated by observing the effects of
climatic events that are specific to each group. The result of the analysis are different typologies
or archetypes of climate-related vulnerability. The analysis adopts an archetype approach and
develops methods based on multivariate analysis techniques.
Second, the study analyzes the impacts of climate change, expressed as an increase in
temperature conditions, at local levels. For this purpose, a multi-agent systems model of landuse/cover change is used, specifically the software package MPMAS. The model is the first attempt
at a detailed representation of agents-environment interactions in the framework of climate
change in the Tropical Andes. The simulation outcomes report on the adaptation of different farm
household groups and the effects of climate change on the agricultural landscape.
The research was conducted in selected communities in the Central Andes of Peru. The active
integration of empirical data with secondary literature in the application of the research methods
provided a suitable way to analyze the vulnerability and adaptive capacity of FHSs in the Tropical
Andes in a comprehensive manner. Moreover, the use of participatory assessment techniques to
obtain empirical data provided an additional perspective for the analysis and improved the
understanding of the problem, contributing to deriving analytical generalizations that could
hardly be obtained using only quantitative methods.
The research results for the study area identify five archetypes of farm household’s
vulnerability to climate-related hazards. For each archetype, distinct vulnerability-creating
mechanisms are observed. For example, most vulnerable farm households have a very limited
amount of adaptive capital: low levels of off-farm employment, few farm animals, small
agricultural area, mostly rainfed, and low use of agro-ecological zones. In addition, they occupy
predominantly the higher, and therefore less-productive, agro-ecological zones of the watershed.
The analysis also makes it possible to derive spatial and thematic priorities for vulnerability
reduction that are specific to each archetype.
1

The modeling approach applied proved to be suitable for simulating the impacts of climate
change at the local level. In particular, regarding the explicit simulation of FHSs, the productive
landscape, and the way in which they interrelate and change in response to an increase in
temperature conditions. The incorporation of heterogeneity and dynamics in the modeled
population, the use of optimization techniques to simulate decision making, and the multiperiodicity of the model produce non-linearity, uncertainty and trajectory dependence. In
addition, the use of vulnerability archetypes is a novel and robust way of creating a heterogeneous
population for the initialization of the model.
Simulation results show dynamic changes in the agricultural landscape as temperature
increases. The area allocated to corn and olluco expands, while potato and oat areas diminish.
Investment in tree plantations is largely unaffected. The effects of rising temperatures on farm
households’ welfare show a general persistence of poverty in the study area. However, the effect
on FHSs income is predominantly positive, allowing some to improve their food poverty position.
The FHSs that manage to benefit from an increase in temperature have, on average, larger
agricultural and forest areas, a greater amount of savings in the form of animals, hire more
salaried labor and practice more mechanized agriculture than the FHSs whose situation did not
improve.
The results show that, in addition to the effects of climate change on crop productivity, there
are other factors influencing land use decisions that deserve more attention in the analysis of
vulnerability and climate change impacts. A better understanding of heterogeneity in climate
vulnerability and climate impacts is an important step in meeting this demand.

Zusammenfassung
Die tropischen Anden werden auf lange Sicht von den drastischsten Klimaveränderungen in
Südamerika betroffen bleiben. Die Auswirkungen bekommt vor allem die lokale Bevölkerung zu
spüren, deren Lebensgrundlage von der Vielfalt und Funktionsfähigkeit der lokalen Ökosysteme
abhängt. Dies gilt insbesondere für ländliche Bevölkerungsgruppen, die auf die Landwirtschaft als wichtigste Nahrungs- und Einkommensquellen in der Region - angewiesen sind.
Während die biophysikalischen Prozesse, durch die der Klimawandel die Landwirtschaft
beeinflussen kann, eine breite wissenschaftliche Aufmerksamkeit erhalten haben, ist eine
Untersuchung der sozioökonomischen Konsequenzen nicht eingehend erfolgt. Es ist eine Analyse
erforderlich, die die Entwicklung von lokalen Strategien zur Verringerung der Klimavulnerabilität
ermöglicht.
Die vorliegende Studie ist Teil des INCA-Projekts (International Network on Climate Change)
- ein Forschungsnetzwerk, das die lokalen Strategien der landwirtschaftlichen Haushalte unter
dem sich wandelnden Klima in den tropischen Anden analysiert (Lindner et al. 2017). Diesem Ziel
entsprechend untersucht diese Studie die klimabedingte Vulnerabilität und die Anpassung an den
Klimawandel auf lokaler Ebene.
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Zunächst bewertet die Studie die gegenwärtige Vulnerabilität von Farmhaushaltssystemen
(FHS) gegenüber klimabedingten Gefahren. Dies geschieht durch die Untersuchung der auf den
Agrarhaushalt einwirkenden internen (Anpassungskapital) und externen Faktoren
(klimabedingte Gefahren). Anhand des Häufigkeitsniveaus der internen Faktoren werden
unterschiedliche Gruppen identifiziert. Diese Gruppen werden validiert, indem die Auswirkungen
von Klimaereignissen beobachtet werden, die für jede Gruppe spezifisch sind. Das Ergebnis der
Analyse sind verschiedene Typologien oder Archetypen der klimabedingten Verwundbarkeit. Die
Analyse folgt einem archetypischen Ansatz und entwickelt Methoden, die auf multivariaten
Analysetechniken basieren.
Im zweiten Schritt analysiert die Studie die konkreten Auswirkungen des Klimawandels,
welcher sich in einem Anstieg der Temperaturbedingungen auf lokaler Ebene zeigt. Dies geschieht
mit Hilfe eines Modellierungsansatzes, genauer gesagt eines Multi-Agenten-Modells unter
Verwendung des Softwarepakets MPMAS, welches Veränderungen in der Landnutzung und der
Bodenbedeckung darstellt. Das Modell ist der erste Ansatz, die Wechselwirkungen zwischen
Farmhaushaltssystemen und Umwelt im Rahmen des Klimawandels in den tropischen Anden
detailliert aufzuzeigen. Die Ergebnisse dieser Simulation geben Aufschluss über die Anpassung
der unterschiedlichen landwirtschaftlichen Haushaltsgruppen und die Auswirkungen des
Klimawandels auf die Agrarlandschaft als solche.
Die Feldforschung erfolgte in ausgewählten Gemeinden der Zentralanden in Peru. Die aktive
Integration empirischer Daten zusammen mit Sekundärliteratur bei der Anwendung der
Forschungsmethoden bietet eine geeignete Möglichkeit, die Verwundbarkeit und
Anpassungsfähigkeit von FHS in den tropischen Anden umfassend zu analysieren. Die
Verwendung von partizipativen Bewertungstechniken bietet einen zusätzlichen Ansatz für die
Erlangung empirischer Daten. Hierbei wird eine zusätzliche Perspektive für die Datenanalyse
eröffnet, die es ermöglicht, analytische und verallgemeinerungsfähige Schlussfolgerungen zu
ziehen, die nur mit quantitativen Methoden nicht erzielt werden können.
Die Studie identifiziert im Forschungsgebiet fünf Klimavulnerabilitäts-Archetypen gegenüber
klimabedingten Gefahren. Für jeden Archetyp werden unterschiedliche Mechanismen erkannt,
die Anfälligkeiten erzeugen. So verfügen die am stärksten gefährdeten landwirtschaftlichen
Haushalte über ein begrenztes Maß an Anpassungskapital, eine geringe Beschäftigung außerhalb
der Landwirtschaft, weniger Nutztiere, kleinere Flächen, geringere Bewässerung der Flächen und
eine limitierte Nutzung agroökologischer Zonen. Außerdem besetzen sie meist die höheren,
weniger produktiven agroökologischen Zonen der Wasserscheide. Die Analyse der resultierenden
Archetypen ermöglichte die Ableitung von räumlichen und thematischen Prioritäten für die
Reduzierung der Vulnerabilität, die für jeden Archetyp spezifisch sind.
Der angewandte Modellierungsansatz ist für die explizite Simulation von Klimaauswirkungen
auf lokaler Ebene geeignet. Spezifisch kann das Verhältnis der Farmhaushaltssysteme zu der sie
umgebenden Landschaft simuliert und der Einfluss des Temperaturanstiegs dargestellt werden.
Die Einbeziehung von heterogenen, dynamischen Prozessen in die modellierte Population, -die
Verwendung von Optimierungstechniken zur Simulation von Entscheidungsfindungen sowie die
Mehrperiodizität des Modells erzeugen Nichtlinearität, Unsicherheit und Pfadabhängigkeit.
Darüber hinaus ist die Verwendung von Vulnerabilitäts-Archetypen ein neuartiger und
zuverlässiger Weg, um eine heterogene Population für die Initialisierung des Modells zu schaffen.
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Die Studienergebnisse zeigen dynamische Veränderungen in der Agrarlandschaft bei
steigenden Temperaturen. Die für Mais und Olluco vorgesehenen Flächen wachsen-, während die
Kartoffel- und Haferflächen abnehmen. Die Investitionen in Baumpflanzungen sind weitgehend
unbeeinflusst. Die Auswirkungen steigender Temperaturen auf das Wohlergehen der
landwirtschaftlichen Haushalte zeigen eine allgemeine Persistenz der Armut im
Untersuchungsgebiet. Die Auswirkungen auf das Einkommen der FHS sind jedoch überwiegend
positiv, so dass einige Haushalte ihre wirtschaftliche Situation verbessern können. Die FHS, die es
schaffen, von einem Temperaturanstieg zu profitieren, haben im Durchschnitt größere land- und
forstwirtschaftliche Flächen, größere Einsparungen in Form von Tieren, mehr Lohnarbeit und
eine stärker mechanisierte Landwirtschaft als die FHS, deren Situation sich nicht verbessert hat.
Die Ergebnisse zeigen, dass es neben den Auswirkungen des Klimawandels auf die
Pflanzenproduktivität noch andere Faktoren gibt, die Landnutzungsentscheidungen beeinflussen.
Diese Faktoren verdienen bei der Analyse von Vulnerabilität und Klimaauswirkungen mehr
Aufmerksamkeit. Ein besseres Verständnis der Heterogenität von Klimaanfälligkeit und
Klimaauswirkungen ist ein wichtiger Schritt, um dieser Nachfrage gerecht zu werden.

Resumen
Los Andes Tropicales continúan sufriendo los cambios climáticos más radicales en toda
Sudamérica. Estos cambios generan alteraciones en sus ecosistemas y por tanto, afectan a las
poblaciones locales, cuyos medios de vida dependen de su diversidad y funcionamiento. Esto es
particularmente válido para las poblaciones rurales quienes dependen de la agricultura como
principal fuente de sustento. Si bien las vías biofísicas a través de las cuales el cambio climático
puede afectar a estas poblaciones han recibido amplia atención científica, es urgente estudiar las
vías socioeconómicas, a escalas que permitan el desarrollo de estrategias de reducción de la
vulnerabilidad a nivel local.
El presente estudio forma parte del proyecto INCA (International Network on Climate
Change), que es una red de investigación que analiza las estrategias locales de los agricultores en
un clima cambiante en los Andes Tropicales (Lindner et al. 2017). Para contribuir a este objetivo,
este estudio investiga la vulnerabilidad relacionada con el clima y la adaptación al cambio
climático a escalas locales.
En primer lugar, el estudio evalúa la vulnerabilidad climática actual de los sistemas agrícolas
familiares (FHS). Esto se hace examinando factores determinantes que son internos (capital de
adaptación) y externos (eventos climáticos) a los FHS. Sobre la base de la recurrencia de factores
internos, se categoriza a los FHS en diferentes grupos. Estos grupos son validados observando los
efectos de eventos climáticos que son específicos para cada grupo. El resultado del análisis son
diferentes tipologías o arquetipos de vulnerabilidad climática. El análisis adopta un enfoque de
arquetipo y desarrolla métodos basados en técnicas de análisis multivariadas.
En segundo lugar, el estudio analiza los impactos del cambio climático, específicamente de un
aumento en la temperatura, a nivel local. Para este fin se utiliza un modelo basado en agentes,
concretamente el paquete de software MPMAS, el cual permite analizar cambios en el uso de la
tierra/cobertura. El modelo constituye un primer intento de representación detallada de las
interacciones entre sistemas agrícolas familiares y su medio ambiente en el marco del cambio
4

climático en los Andes Tropicales. Los resultados de la simulación informan sobre la adaptación
de los diferentes FHS y los efectos del cambio climático en el paisaje agrícola.
La investigación se realizó en comunidades campesinas seleccionadas de los Andes Centrales
del Perú. La integración activa de datos empíricos y literatura secundaria en la aplicación de los
métodos de investigación proporcionó una forma adecuada de analizar integralmente la
vulnerabilidad y la capacidad de adaptación de los FHS en los Andes Tropicales. Además, el uso de
técnicas de evaluación participativa para obtener los datos empíricos proporcionó una
perspectiva adicional para el análisis y mejoró la comprensión del problema, contribuyendo a
derivar generalizaciones analíticas que difícilmente podrían obtenerse utilizando únicamente
métodos cuantitativos.
Los resultados de la investigación para el área de estudio identifican cinco arquetipos de
vulnerabilidad de hogares agrícolas frente a eventos climáticos. Para cada arquetipo se observan
distintos factores que explican dicha vulnerabilidad. Por ejemplo, los hogares agrícolas más
vulnerables tienen una cantidad muy limitada de capital de adaptación: bajos niveles de empleo
fuera de la finca, pocos animales de granja, poca área agrícola (en su mayoría de secano), y baja
diversidad en el uso de zonas agroecológicas. Además, éstos ocupan predominantemente las
zonas agroecológicas más altas - y por tanto, menos productivas - de la microcuenca. El análisis
también permitió derivar prioridades espaciales y temáticas para la reducción de la
vulnerabilidad que son específicas para cada arquetipo.
El enfoque de modelación aplicado fue apropiado para simular los impactos del cambio
climático a nivel local. En particular, en lo referente a la simulación explícita de los FHS, el paisaje
productivo, y la forma en que éstos se interrelacionan y cambian en respuesta a un aumento de
las condiciones de temperatura. La incorporación de heterogeneidad y dinámica en la población
modelada, el uso de técnicas de optimización para simular la toma de decisiones, y la multiperiodicidad del modelo producen no linealidad, incertidumbre y dependencia de la trayectoria.
Además, el uso de arquetipos de FHS es una forma novedosa y robusta de crear una población
heterogénea para la inicialización del modelo.
Los resultados de las simulaciones muestran cambios dinámicos en el paisaje agrícola a
medida que se incrementa la temperatura. El área destinada al cultivo de maíz y de olluco se
expanden, mientras que las áreas de papa y avena disminuyen. La inversión en plantaciones
forestales no se ve mayormente afectada. Los efectos del aumento de las temperaturas en el
bienestar de los FHS muestran la persistencia de la pobreza en el área de estudio. Sin embargo, el
efecto sobre los ingresos de los FHS es predominantemente positivo, permitiendo que algunos de
éstos puedan mejorar su situación de pobreza alimentaria. Los FHS que logran beneficiarse de un
incremento en la temperatura tienen en promedio, mayores áreas agrícolas y forestales, una
mayor cantidad de ahorros en forma de animales, contratan más mano de obra asalariada y
practican una agricultura más mecanizada en comparación con los FHS cuya situación no mejoró.
Los resultados muestran que, además de los efectos del cambio climático en la productividad
de los cultivos, hay otros factores que influyen en las decisiones sobre el uso de la tierra, y que
merecen más atención en el análisis de la vulnerabilidad y el impacto del cambio climático. La
mejor comprensión de la heterogeneidad en la vulnerabilidad climática y en los impactos
climáticos es un paso importante para atender esta demanda.
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Chapter 1. Introduction

1.1.

Problem statement

The Intergovernmental Panel on Climate Change Assessment Report (IPCC 2014a) defines
vulnerability as the propensity or predisposition of a system to be adversely affected. The same
report adds the related definition of contextual vulnerability (adopted from O’Brien et al. 2007)
the system’s current ability/inability to cope with external pressures or changes such as changing
climate conditions. It is an essential characteristic of socio-ecological systems, generated by
multiple factors and processes (O’Brien et al. 2007; IPCC 2014a).
Since climate change negotiations started, measures have been taken worldwide to assist
countries that are particularly vulnerable to climate change in terms of meeting the costs of
adapting to its adverse effects (Füssel 2009). The United Nations Framework Convention on
Climate Change (Article 4) and the United Nations International Strategy for Disaster Reduction
call on governments of these countries to develop and implement appropriate and integrated
plans to support vulnerable populations, focusing on susceptible sectors like water resources and
agriculture. Specific measures on vulnerability reduction should be developed and implemented
at national, regional and local levels since the characteristics of vulnerability, as well as the effects
and impacts of climate change, are specific to each zone (FAO and MINAGRI 2012; IPCC 2014a).
Nevertheless, the implementation of effective measures in situ has proven to be a challenging task.
A major reason for lacking implementation is that specific processes that shape vulnerability
locally derive from complex causal networks with diverse background conditions and dynamics.
These include differences in environmental conditions, pre-existing stresses to ecosystems,
current resource-use patterns, and the framework of factors affecting decision making – including
government policies, market prices, livelihoods, lifestyles, behavior and culture (IPCC 2014a).
Added to the complexity of the problem is the fact that climate change impacts are manifold and
multidimensional. Changes in the amount and seasonable availability of water (linked, for
example, to glacier retreat, drought or intense precipitation) can have adverse effects on different
sectors such as fresh water supply, agriculture, and power generation (Barnett et al. 2005;
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Vergara et al. 2007; Salzmann et al. 2009). Thus, vulnerability in one sector is often linked with
vulnerability in others, making the development and implementation of adequate adaptation
measures complex (Magrin et al. 2007; FAO 2013a).
When looking at the local effects of climate change in the agricultural sector, which is a major
component of the livelihoods in rural areas, two main pathways can be recognized. On the one
hand, climate change directly alters the biophysical conditions under which agricultural
production takes place. On the other hand, climate change effects also induce economic, social,
political, and technological developments that change the socioeconomic environment in which
farm households operate (Troost 2014a). While research on the biophysical effects of climate
change on crop productivity and growth has been extensive, the socioeconomic pathways,
including not only the impacts on local economies and vulnerable FHSs but also the response of
FHSs and institutions to risk and the effects of changes in climate conditions remain scarce. This
can be attributed partially to the complexity of these socioeconomic systems, for which a proper
assessment demands the understanding of the micro- and macro-behaviors of societies ex- posed
to the impacts of climate change (Patt and Siebenhüner 2005).
While vulnerability and adaptation assessments at the global scale provide general insights
into the way socio-ecological systems are affected by and deal with stress, regional and local
assessments are imperative in order to gain a more differentiated understanding of vulnerability
determinants, valuation of climate impacts and area-specific adaptation costs (Birkmann 2007;
Wreford et al. 2010; GRIP 2013; Berger and Troost 2014; Sietz 2014; Sietz et al. 2017).

1.2.

Scope of the analysis

To contribute towards a state-of-the-art vulnerability assessment framework (IPCC 2014a),
the present work investigates climate-related vulnerability and climate change adaptation at local
scales. This is done by looking at the farm household system (FHS) as main unit of analysis. A FHS
is composed by three closely connected subsystems: the farm, the household, and the off-farm
employment by household members (Norman and Douglas 1996; Jost 2016). A distinct
characteristic is that in an FHS, the focus is not only put on the farm as main component. Besides
the farm - where productive activities like livestock raising and agriculture take place -, the
household can also benefit from activities which are carried out by household members but do
not take place on the farm, such as agricultural wage labor, non-farm labor (including temporary
migration), commerce and transport.
The analysis is conducted in the Tropical Andes, more concretely in selected communities in
the Central Andes of Peru. The question of vulnerability to climate-related hazards and adaptation
to climate change is quite relevant for FHSs of the Tropical Andes. These have dealt with extreme
climate variability since ancient times. To minimize the negative impacts of climate-related
hazards on agriculture, they have developed a myriad of adaptation strategies that are still in use.
Vulnerable farm households continue to draw on a combination of these and modern strategies
in order to face the current changes in climate conditions and climate variability in general.
Understanding the determinants of their vulnerability and related adaptation options in highly
relevant, as its research provides essential information and knowledge for the development of
adaptation options in agriculture at local scales (Lindner et al. 2017).
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The study is divided into two main units of analysis. First, the vulnerability of FHSs to climaterelated hazards is investigated. This is done by looking at determinants that are internal and
external to the FHS and identifying common patterns that are useful to differentiate FHSs into
different vulnerability groups. A second analysis deals with the impacts of climate change in
agriculture at local levels and related FHS adaptation responses. For this, a modeling approach is
used. The model development constitutes the first attempt to achieve a detailed representation of
agents-environment interactions in the framework of climate change in the Tropical Andes1. It
will therefore contribute to the current understanding of the potential effects of climate changes
on agricultural landscapes and on local populations in the Tropical Andes. In this first model
version, climate change is analyzed as a predicted and progressive increase in temperature
conditions2.

1.2.1. Research questions
In the present study, a first hypothesis is that farmers of the study area know well which
climatic events represent a risk factor to their agricultural activities. Furthermore, they also
perceive changes in the frequency/intensity of these climatic events and try to adapt accordingly.
Nevertheless, this perception does not always match the trends in climate conditions as studied
by the scientific community. Consequently, their efforts to adapt successfully to climate variability
and change can sometimes be misguided. A second hypothesis states that the vulnerability to
climate-related hazards is not the same among FHSs of the study area. The more vulnerable ones
are the poorer households who rely on agriculture as their primary source of income. This is
reflected in a limited amount of adaptive capital, having, for example, a lack of access to
agricultural credit, fertilizers, off-farm labor, and other resources, all of which restricts their
ability to take action when facing hazards. Finally, changes in land-use patterns due to predicted
increases in temperature might, on the one hand, benefit less vulnerable FHSs, which will profit
from the increased agricultural area. On the other hand, most vulnerable households might not be
able to profit from these changes. From the hypothesis mentioned above, the following research
questions are derived:
Research questions related to farm household systems’ (FHSs) vulnerability to climate-related
hazards:
1) Do farmers perceive long-term changes in climate conditions, i.e. does this perception
matches the scientific information available on the topic?
2) Which determinants internal to the FHS contribute the most to defining its vulnerability
to climate-related hazards?
3) Can different typologies of FHS vulnerability be differentiated?
Research questions related to climate change impacts and adaptation:
4) What are the impacts of changes in crop productivity (due to predicted changes in
temperature) on rural farm households?
1

No similar model for the specific topic developed in the present research is known to the author.

The structure of the model allows to further develop it to include other climate change effects and
potential policy responses, which are out of the scope of the present research.
2
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5) What are the probable adaptation responses of farmers to changes in land-use patterns
(due to changes in temperature)?
6) Which changes in land-use patterns can be attributed to predicted changes in temperature
conditions?

1.2.2. Objectives
The overall goal of the research is to investigate climate-related vulnerability and climate
change adaptation at local scales, more concretely, in the Tropical Andes. Considering the scope
of the analysis and research questions, the following specific objectives need to be fulfilled.
Objectives related to farm household systems’ (FHSs) vulnerability to climate-related hazards:
RO1. To propose a suitable approach to analyze and identify different typologies of FHS
vulnerability.
RO2. To identify different typologies of FHS vulnerability to climate-related hazards in the
study area.
Objectives related to climate change impacts and adaptation:
RO3. To develop a multi-agent model to simulate the probable adaptation responses of farm
households to an increase in temperature conditions, assessing impacts on different
household groups and the agricultural landscape.

1.3.

Document outline

This PhD dissertation contains six chapters. In the current Section (Chapter 1), the reader is
introduced to the research by summarizing the background conditions that motivated the study
(Section1.1) and presenting the research scope, research questions, and the main objectives
(Section 1.2).
Chapter 2 presents the background information related to the research in a more detailed
manner and thus improves the understanding of the research topic. First, the complexity and
importance of the Tropical Andes, as well as to the characteristics, livelihoods and challenges
faced by farm households living there, are described (Section 2.1). Second, the theoretical
framework behind the present research is presented. This includes main frameworks of climate
vulnerability assessment (2.2.1), linkages between rural poverty and vulnerability (2.2.2), the
concept of archetypes in the analysis of socio-ecological systems (2.2.3), and the importance of
local perception and knowledge for the assessment of vulnerability and adaptation (2.2.4). Third,
a selected number of methods that are of interest to this study are briefly described (Section 2.3).
Next, the research framework for the present study, which emerges from the theoretical
approaches and methods previously reviewed is introduced in Section 2.4. Last, the International
Network on Climate Change (INCA) project, within which the operationalization of the theoretical
framework and methods was done is presented (Section 2.5).
Chapter 3 contains information on the study site that helps the reader understand the relevant
characteristics of the socio-ecological system and places the research into the local context. Also,
many of the information contained in this chapter is later on integrated into the research analysis.
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Emphasis is put on current land use and land cover (Section 3.2), and on the agro-ecological zone
classification (Section 3.3). Complementary, existing information on climate change and related
impacts in agriculture for the study area are cited (Section 3.4). The last section introduces the
reader to the specific case studies within the broader study area (Section 3.5).
Chapter 4 details the methods used in the present work. In Section 4.1, the main research
elements, i.e. main research steps and methods, as well as study limits, are introduced. Next, the
author’s fieldwork, which was conducted as part of the research team of the INCA project is
presented (Section 4.2). Following, Section 4.3 explains the different multivariate techniques used
to analyze the FHSs vulnerability to climate-related hazards and derive archetypes of climate
vulnerability. The rest of the chapter is devoted to the methods for the modeling of climate change
adaptation: Section 4.4 describes the development of the first version of MPMAS-Andes, a multiagent systems model of land-use/cover change that models the adaptation of FHS of the study
area to increases in temperature conditions. Section 4.5 describes set-ups of conducted computer
simulation experiments on adaptation to climate change; Section 4.6 presents the model analysis,
i.e. the analysis of the uncertainty in the model; and Section 4.7 the methodology followed for the
analysis of the model outputs. The related TRACE document (“TRAnsparent and Comprehensive
model Evaludation”), which provides supporting evidence that ‘the model was thoughtfully
designed, correctly implemented, thoroughly tested, well understood, and appropriately used for
its intended purpose’ (Grimm et al. 2014), is contained in Appendix A.
Chapter 5 reports the main results of the study and includes three main sections. The first
Section (5.1) contains the characterization of the socio-ecological system, which is described
based on the agro-ecological zone classification. It covers the main constraints and resources that
shape the productive activities at each zone. In the same Section, results on the perceptions of
farm households regarding climate-related hazards in agriculture, and the results of confronting
these perceptions to scientific information are presented. The second section (5.2) holds the
results of the analysis of archetypes of farm household vulnerability to climate-related hazards.
The third Section (5.3) presents the results of simulation experiments using MPMAS-Andes.
In Chapter 6, the main outcomes, as well as the challenges of the proposed methodology and
its potential to contribute to developing adaptation pathways and reducing climate-related
vulnerability in agriculture, are summarized and discussed. Finally, the author outlines
perspectives for future research on vulnerability and adaptation to climate variability and change
in agriculture and proposes possible extensions of the constructed model application.
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Chapter 2. Background information

This research deals with the effects of climate variability and change on farm households of
the Tropical Andes. To better understand the background of the thesis problem, this Section
(Section 2.1) first introduces the reader to the complexity and importance of the Tropical Andes,
as well as to the characteristics, livelihoods and challenges faced by farm households living there,
putting an emphasis on agriculture due to its importance to local livelihoods. Then, current and
potential effects of climate change on the agricultural sector in the Tropical Andes is described,
presenting empirical evidence from the literature.
The second part of this Section (Section 2.2) uncovers the theoretical framework behind the
present research and thus improves the understanding of the research topic. First, the various
definitions and related theoretical frameworks of climate vulnerability are summarized, including
main approaches for its analysis. Second, the concept of archetypes in the analysis of socioecological systems is introduced, and its use in revealing vulnerability patterns at different scales
is presented through examples from the literature. Following, the linkages between rural poverty
and vulnerability are illustrated, and last, the importance of local perception and knowledge for
the assessment of vulnerability and adaptation are also explored.
The third part of this Section (Section 2.3) presents a selected number of methods that are of
interest to this study. This is not intended to be a comprehensive review of all existing methods
for assessing vulnerability and adaptation, but rather a way of placing the methods used in the
present research in the framework of state-of-the-art methods.
The research framework for the present study and related terminology is to be found in the
fourth part of this Section (Section 2.4). It builds on theoretical approaches and methods that, as
mentioned above, are also presented in this Section.
Last, the International Network on Climate Change (INCA) project, within which the
operationalization of the theoretical framework and methods was done is introduced, specifying
the contribution of the present research to the project objectives (Section 2.5).
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2.1.

Characteristics and importance of the Tropical Andes

The Tropical Andes encompasses the Andes Mountains of Venezuela, Colombia, Ecuador, Peru,
Bolivia, and the northern tropical portions within Argentina and Chile, covering a total area of
158.3 million hectares (NatureServe and EcoDecisión 2015). It is characterized by having a
complex topography and diversity of climatic conditions across elevations that shape a great
variety of ecosystems. These ecosystems contain extraordinary biological and cultural diversity
(Josse et al. 2009; Schoolmeester et al. 2016), making the Tropical Andes one of 35 global
biodiversity hotspots. It contains about 15% and 12% of the world’s plants and vertebrates,
respectively (Myers et al. 2000; Herzog et al. 2011).
The well-being of the population in the Tropical Andes is inherently linked to the variety and
functioning of its ecosystems (E. Anderson et al. in Herzog et al. 2011). This is especially true for
populations relying on those ecosystems for agriculture, which is among the most important
subsistence and economic activities in the region (Schoolmeester et al. 2016). However, the
importance of the Tropical Andes surpasses local boundaries, exerting a significant influence on
the economies of the seven Andean countries (Devenish and Gianella 2012). The Andes Mountains
are water reservoirs for the entire South American continent. The water stemming from its
glaciers and wetlands form the most important rivers of the continent, supplying water for
numerous cities, including four country capitals (NatureServe and EcoDecisión 2015). Those
waters also serve to irrigate major agricultural regions and generate hydropower energy for many
of the 57 million citizens of the Tropical Andes (NatureServe and EcoDecisión 2015). Moreover,
major cities on the Pacific coast, including Lima, the most populated city in the Andean countries,
have a high dependency on goods and services stemming from the Tropical Andes, such as food,
water and electricity (Devenish and Gianella 2012). Its forests are also effective forest sinks,
storing about 5.4 billion tons of carbon, equivalent to the annual carbon emissions of 1 billion cars
(NatureServe and EcoDecisión 2015).

2.1.1. Livelihoods of rural people in the Tropical Andes
The livelihoods of most rural people of the Tropical Andes rely heavily on climate-sensitive
sectors, especially agriculture and livestock rearing (Sperling et al. 2008). Those activities are
usually conducted up to 3,500 meters, with human activities rarely occurring above 4,500 meters
(Körner et al. 2005). Smallholder production in the Tropical Andes is commonly for consumption
and selling, and even farmers in remote areas typically allocate part of their production to the
market (Wisner et al. 2004).
Despite the importance of agriculture, nowadays rural livelihoods are much more diverse and
dynamic, drawing on a diversity of assets, income sources and product and service markets
(Bebbington 1999; Sperling et al. 2008). Livelihood diversification is an important strategy
through which rural people aim at achieving sustainable livelihoods (Ellis 1998, 2008) often been
used in conjunction with other strategies like migration, remittances and agricultural
intensification (Hussein and Nelson 1998; Huddleston et al. 2003).
People living near or having easy access to urban areas, have greater opportunities and often
engage in non-farm activities, such as self-employment as small entrepreneurs or seeking jobs in
non-agricultural sectors (Huddleston et al. 2003). In more remote areas, non-farm opportunities
are scarce, with some exceptions where mountaineering, tourism and nature conservation
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initiatives offer alternative employment (Huddleston et al. 2003; Körner et al. 2005). In the
absence of these rare exceptions, people in high altitudes suffer disproportionately from poverty
and generally lacks basic social services, including health and education facilities (Huddleston et
al. 2003). As literature suggests, livelihoods vulnerability increases with increasing elevation, with
environmental and socioeconomic constraints, like temperature conditions, social isolation and
lack of access to infrastructure and services, as main vulnerability factors (Huddleston et al. 2003).

2.1.2. Agriculture in the Tropical Andes
In the rural areas of the Tropical Andes, agriculture (including livestock and forestry) is the
predominant land use and it largely determines land use change processes (Devenish and Gianella
2012). Agriculture in the Andes has a long history that dates back more than nine thousand years
(Dillehay et al. 2007; Piperno and Dillehay 2008). The local population of this region developed
over time agricultural systems to successfully exploit the multiple resources of their productive,
yet challenging, environment, and to enhance the potentials of the environmental and agrarian
assets (Devenish and Gianella 2012). Resulting from these interactions, main crops such as potato,
squash, cotton and maize were domesticated, making the Tropical Andes one of the 10 places
worldwide considered as centers of crop origin (Balter 2007). Along with the domestication of
crops, agricultural techniques such as agroforestry systems, agricultural terraces, artificial
swamps, and raised fields were developed (Erickson and Candler 1989). Many of these ancient
strategies have proven to be successful over time and are nowadays still in use. The local
population actively combine these strategies with modern techniques to shape livelihood
strategies for risk management, coping with shocks, and resource use maximization in agriculture
(Salick and Ross 2009).
This long-lasting exploitation of natural resources is not free of costs. Andean people had
historically coped with an array of limitations which threatened the fragile environments and
their livelihoods (Stadel 2008). Agriculture in the Tropical Andes is exposed to a high level of
climatic risk, with extreme daily temperatures, unpredictable weather events from one year to
the next, and a diversity of environmental conditions scattered across elevations (Myers et al.
2000; Brooks et al. 2002). In recent decades, population growth has become a significant driver
of change, putting increasing pressure on water and land resources (Devenish and Gianella 2012)
that often results in environmental degradation (Stadel 2008). These factors, along with others
such as market imperfections and social conflicts, lead to high levels of poverty among local farm
households (Stadel 2008; Devenish and Gianella 2012).

2.1.3. Effects of climate change on agriculture in the Tropical Andes
The Tropical Andes is and will continue to experience the most drastic changes in climate in
South America (Urrutia and Vuille 2009; Vuille et al. 2015). Human-induced climate change has
led to an increase in temperature in the Tropical Andes that exceeds the global average (Fischlin
et al. 2007). This increase is expected to continue, with temperature increasing between 2°and
7°C by the end of the 21st century3 (Urrutia and Vuille 2009; Vuille et al. 2015). Precipitation trends
for the region indicate a decrease in precipitation, although these changes are spatially much less

Differences in temperature variation depend on the location within the Tropical Andes and climate
scenario (RCM-A2 and RCM-B2 scenario) considered in the analysis of Urrutia and Vuille (2009).
3
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coherent, with zones of increased and decreased precipitation across the Andes (Urrutia and
Vuille 2009). Adding to the severity of temperature increases, extreme weather events and
changes in rainfall patterns will contribute to more severe impacts than warming alone (Stern
2007).
The analysis of impacts of climate change on agriculture Lotze-Campen and Schellnhuber
(2009), and more specifically, on agriculture in the Andean Region (Devenish and Gianella 2012;
Tito et al. 2018) show that expected changes will have profound effects on the suitability of areas
for specific crops and cultivation systems. In the high relief and high gradients that characterized
the Tropical Andes, even minor changes in temperature can potentially trigger changes in its agroecological systems (Diaz et al. 2003). The overall effects will depend on the direction and
magnitude of variation and change of climatic factors (rising CO2 concentrations, higher
temperature and changing precipitation patterns, changes in water availability, increased
frequency of weather extremes, soil erosion, and other environmental changes) and their complex
interactions (Lotze-Campen and Schellnhuber 2009). As suggested by recent studies (Stadel
2008; Anderson et al. 2011; Devenish and Gianella 2012; Schoolmeester et al. 2016; Skarbø and
Vandermolen 2016; Tito et al. 2018) the anticipated changes in climate conditions have the
potential for both positive and negative effects on agriculture.
An expected reduction in frost events may benefit farming since frost damage crops and
reduce yields (Condori et al. 2014). Also, in some areas of the Tropical Andes, climate change is
expected to increase agricultural production and grazing areas and drive agricultural expansion
(IGP 2005a; ICIMOD 2010a; Devenish and Gianella 2012). As the Andes are becoming warmer, the
upper altitudinal limit of highland agriculture is rising, allowing crops suited to grow on warmer
environments to move towards higher altitudes (Perez et al. 2010; Anderson et al. 2011;
Schoolmeester et al. 2016; Tito et al. 2018). A recent case study of maize production in Ecuador
showed that already in the past two decades, maize plantations had shifted by about 200 to 300
m upwards (Skarbø and Vandermolen 2016). Similarly, Haan and Juárez (2010) report an overall
expansion in the cultivated area of potato in the Andes of Huancavelica (Peru)4. They attribute
this expansion to an intensification of the agricultural production cycle, with shorter fallow
periods, and the gradual incorporation of high-altitude virgin pasture lands to about 4300 m
(Haan and Juárez 2010). Other studies based in Peru report an expansion of potato areas upward
by about 300 m and 500 m in the last 30 and 50 years, respectively (Halloy et al. 2005b; Shaw
and Kristjanson 2013), with potato cultivation reaching the highest ever registered altitude of
over 4,500 m (Halloy et al. 2005b) . This trend is expected to last over the century, leading to an
overall rise of the upper altitudinal limit for agriculture by more than 500 m (Perez et al. 2010).
A warming driven agricultural expansion to higher elevations can also have undesirable
consequences. Under warmer conditions and higher atmospheric CO2 concentrations, the
incidence of crop-damaging pests and pathogens could increase (Perez et al. 2010; Tito et al.
2018). Also, with the movement of crops from more temperate climates towards the mountain
tops, the area for crop and animal species adapted to the colder climatic zones at high elevations
is shrinking (Perez et al. 2010). High mountain grasslands are fragile ecosystems which play an
essential role in water regulation and are a main source of fodder for pastoralism (López-i-Gelats
et al. 2015). The livelihoods of pastoral and mixed farming communities, much depend on natural

4

Based on the period between 1995 and 2005
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grasslands at high elevations, where sheep, lamas and alpacas graze all the way up to the snowline
(Schoolmeester et al. 2016).
Other potential negative effects of climate change are (i) loss of glaciers, which could reduce
the water supply in the agricultural sector (Oppenheimer et al. 2014); (ii) a reduction of frost
events could threaten the production of chuño, which is a freeze-dried potato, traditionally
produced in the higher Andes (Valdivia et al. 2013; Schoolmeester et al. 2016); (iii) the risk of crop
failure due to climate-related hazards could increase significantly through the expected reduction
in local agrobiodiversity (Anderson et al. 2011); and (iv) soil erosion and nutrient leaching are
likely to increase under climate change. Higher temperatures increase the rate of microbial
activity in the soil, intensifying the decomposition of organic matter. If mineralization exceeds
plant uptake, nutrient leaching will be the consequence (Lotze-Campen and Schellnhuber 2009).
Soil erosion is induced by intense rainfall, which is likely to increase under climate change.
Additionally, extreme rainfall and shifting from snow to rain will also contribute to soil erosion
(Lotze-Campen and Schellnhuber 2009).
The effect of climate change on pests and diseases will be determined, between others, by host
resistance and by how the spatial distribution of both, hosts and pathogens will change. In some
cases, positive and negative factors could counterbalance each other leading to no net change in
disease impact (Garrett et al. 2006).
The analysis presented in this Section puts in evidence the high diversity of socio-ecological
pathways through which climate change may impact agriculture in the Tropical Andes. The
expected effects are manifold, and certainly not all positive nor negative (Chaplin 2009; Perez et
al. 2010). Adding to the uncertainty regarding the future development of climate conditions, the
heterogeneity and diversity of Andean environments and community, make any generalizations
about the magnitudes and impacts of climate change at any particular location problematic (Stadel
2008; Perez et al. 2010).
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2.2.

Theoretical basis

2.2.1. Definitions and approaches to climate-related vulnerability
The most well-known definition of vulnerability is the one provided by the IPCC (2014): “The
propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of
concepts and elements, including sensitivity or susceptibility to harm and lack of capacity to cope
and adapt. A broad set of factors such as wealth, social status, and gender determine vulnerability
and exposure to climate-related risk” (p. 5). This definition considers vulnerability an essential
characteristic of social and ecological systems (O’Brien et al. 2007; IPCC 2014a) and refers to the
susceptibility of a system to harm, as measured in terms of distance from a specified threshold
(Adger in Leach 2008 p. 5).
Definitions and frameworks of vulnerability are diverse and vary across disciplines, focus, and
scale of analysis (Birkmann 2007; O’Brien et al. 2007; Deressa et al. 2008; Oppenheimer et al.
2014). The analysis of vulnerability to climate variability and change has particularly benefited
from concepts and methods stemming from the study of natural hazards, rural development,
poverty and food security, as well as from theoretical approaches of geophysical sciences, human
ecology, political economy, constructivism, and political ecology (Bohle et al. 1994; Alwang et al.
2001; Adger 2006; Füssel 2007; O’Brien et al. 2007; Miller et al. 2010). These diverse and often
competing conceptualizations and approaches make the measuring of vulnerability complex
(Mavhura et al. 2017) and hinder a transparent communication among scholars of different fields
(Füssel 2007; Fellmann 2012). Several attempts have been made to classify and understand the
meaning and applicability of the concept of vulnerability and are available in the literature (Bohle
et al. 1994; Alwang et al. 2001; Adger 2006; Füssel 2007; O’Brien et al. 2007; Miller et al. 2010).
This Section presents some of the most noteworthy definitions and approaches to vulnerability,
focusing on climate variability and change. The author does not claim any approach to be better
than the other but aims to highlight their usefulness in different types of analysis.
Kelly and Adger (2000) classified vulnerability to climate change as ‘end point’, ‘focal point’ or
starting point’ of any assessment. In this framework, vulnerability as ‘end point’ is the
culmination of “a sequence of analysis beginning with projections of future emissions trends,
moving on to the development of climate scenarios, thence to biophysical impact studies and the
identification of adaptive option” (p.327). Vulnerability is seen as the negative consequences that
remain after adaptation has occurred, and therefore represents the net impact of a climate
problem (Kelly and Adger 2000; O’Brien et al. 2007). This impact can be expressed in a
quantitative manner as monetary or yield losses, ecosystem damage, or human mortality, or in a
qualitative manner as a description of the relative or comparative change (O’Brien et al. 2007).
Füssel (2007) highlights the applicability of such approach “in the context of mitigation and
compensation policy, for the prioritization of international assistance, and technical adaptations”
(p. 163). The ‘end point’ interpretation of vulnerability builds on the risk-hazard approach, which
is widely used in disaster risk assessment (Füssel 2007).
Rather than a consequence, other appraisals consider vulnerability a central overarching concept
or ‘focal point’ of analysis (Kelly and Adger 2000). This is a typical position adopted in studies
dealing with the effects of natural hazards on poverty and food security (Kelly and Adger 2000).
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Under this approach, the relation of vulnerability to poverty and food insecurity is outlined by the
exposure to a hazard, the coping capacity of the system and the related impacts, including the risk
of slow recovery (Kelly and Adger 2000). This perspective is in line with the definition of risk of
Wisner et al. (2003), conceptualized as the product or measure of hazard (exposure) and
vulnerability, which is expressed as the coping capacity and determined by broader social,
political and economic patterns (Kelly and Adger 2000; Füssel 2007).
Kelly and Adger (2000) define the ‘starting point’ approach, in terms of “the ability or inability of
individuals and social groupings to respond to, in the sense of cope with, recover from or adapt
to, any external stress placed on their livelihoods and well-being” (p. 328). These authors based
this definition on the one provided by Blaikie et al. (1994) and refer to it as the ‘wounded soldier’
perspective. Here, the focus on the human dimension is highlighted by adopting the term ‘social
vulnerability’. Vulnerability is thereby considered a feature of socio-ecological systems caused by
multiple factors and processes (O’Brien et al. 2007). Even though the biophysical component - in
this case the exposure or measure of the climate-related hazards - is placed outside the concept of
vulnerability, it remains inseparably linked to it because vulnerability always occurs in relation to
a specific hazard (Kelly and Adger 2000; Wisner et al. 2004; Birkmann 2007). This approach
assumes that reducing the vulnerability of a system today will also reduce its future vulnerability
(Burton et al. 2002; O’Brien et al. 2007).
O’Brien et al. (2007) propose the concepts ‘outcome vulnerability’ and ‘contextual
vulnerability’ as a more compact version of the ‘end point’ and ‘starting point’ approach of Kelly
and Adger (2000). They define outcome vulnerability as “a linear result of the projected impacts
of climate change on a particular exposure unit (which can be either biophysical or social), offset
by adaptation measures” (O’Brien et al., 2007, p. 75). In contextual vulnerability, climate
variability and change, together with political institutional, economic and social structures and
changes ‘interact dynamically with contextual conditions associated with a particular ‘exposure
unit’ thereby defining its vulnerability’ (O’Brien et al. 2007). O’Brien et al. (2007) developed a
diagnostic tool to distinguish between appraisals that address ‘outcome vulnerability’ and
‘contextual vulnerability’ (Figure 2-1) according to the type of questions that are prioritized, the
focal point of the analysis, the methods used, and the results and proposed responses.
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Figure 2-1. Diagnostic tool for identifying interpretations of vulnerability (O’Brien et al. 2007)

In a more recent attempt to analyze and classify existing frameworks to vulnerability
assessment, Ribot (2017) categorizes existing frameworks into risk-hazard and social
constructivist frameworks. He argues that a common first step when dealing with climate-related
vulnerability is to identify who is vulnerable, i.e. which localities, social groups, or things are at
risk, and; what is the nature of their vulnerability, and which are the sources of risk Ribot (2017).
This information, what Ribot calls the ‘where, who and what’, allows decision makers to better
target efforts and public funds for climate change adaptation. But when the aim is to support the
improvement of the system under analysis, the recognition of the ‘why’ becomes relevant. In other
words, the causal structure of climate-related vulnerability needs to be recognized in order to
develop target-oriented countermeasures Ribot (2017).
Typically, risk-hazard impact assessments are applied to indicate the likelihood of a given
hazard (or a combination of hazards) and the analysis of its outcomes, which include the analysis
of critical thresholds, and the analysis of the likelihood of exceeding those criteria (Jones 2003).
These types of assessments are based on risk hazard approaches which share a similar
interpretation of vulnerability as the ‘end point’ approach of Kelly and Adger (2000) and the
‘outcome vulnerability’ concept of O’Brien et al. (2007). Examples of risk-hazard impact
assessments are provided by Nam et al. (2015), who analyzed droughts in the context of climate
change in South Korea; and by Yin et al. (2016), who developed a case study on the impact and
risk of pluvial flash floods on the intra-urban road network in China. While knowing the nature
and extension of the likely impacts provides useful information for allocation of resource to
specific locations or social groups, it commonly lacks the information required on how to use
those resources to reduce vulnerability (Ribot 2017). A main reason for this is that the risk-hazard
approach places the risk as external to the system, i.e. as the system being vulnerable to climaterelated hazards. Therefore, such analysis usually fail to properly incorporate the social
dimensions of risk (Adger 2006).

28

When aiming at identifying paths for reducing vulnerability, asset-based and livelihood
approaches stemming from social constructivist frameworks are common tools of analysis
(Füssel and Klein 2006; O’Brien et al. 2007; Ribot 2017). Their origins can be traced back to the
international poverty alleviation/reduction debate of the 1990s (Moser 2006), and they have
been greatly influenced by Amartya Sen’s (1981) work on poverty, famines and entitlements, as
well as those of Robert Chambers (Chambers 1989, 1994; Chambers and Conway 1992) and
others on risk, sustainable livelihoods and vulnerability (Moser 2006). Asset-based and livelihood
approaches share the conceptualization of vulnerability of the ‘starting point’ approach of Kelly
and Adger (2000) and the ‘contextual vulnerability’ concept of O’Brien et al. (2007). Both are
bottom-up approaches that place their focus on vulnerable groups, viewing climate-related
hazards as external phenomena that represent a risk to the analyzed system. Vulnerability is
explained then by factors internal to the system under study, depicting vulnerability as “a lack or
insufficient means to protect or sustain oneself in the face of climate events, where risk is shaped
by society’s provision of food, productive assets, and social protection arrangements” (Ribot,
2017, p. 53). Such approaches often look at the individual household as the main unit of analysis,
although the focus on the livelihood system or in some cases, the socio-ecological system is also
possible (Ribot, 2017). Differently than the asset-based approach, the livelihood approach adds to
the analysis different sources of vulnerability, such as the risk of hunger or economic or climatic
shocks, connecting these vulnerability variables to the peoples’ livelihoods (Ribot 2017).
In the aim of reducing climate-related vulnerability, the discussed frameworks play different
but essential roles. Understanding the nature of risk and the magnitude of the impacts we want to
avoid (end-point, outcome vulnerability and risk-hazard impact assessments) guide the decision
making on where, to whom and how much resources to allocate. Complementary, starting-point,
context vulnerability, asset-based and livelihood approaches provide information on
vulnerability-generating causes, allowing to identify the ones that have a higher use potential (e.g.
because there are more cost-effective, more urgent, easier to attain) for the development of
vulnerability-reducing strategies. These approaches can be also combined under integrative
frameworks that conceptualize vulnerability as a result of both biophysical and human factors
(Ribot 2017).

2.2.2. Linking climate change vulnerability and rural poverty
Achieving the Millennium Development Goal (MDG) of zero poverty requires pulling about
700 million people out of poverty by 2030 (World Bank Group 2016). As the latest World Bank
report confirms, climate change is a major obstacle for achieving this goal (Hallegatte et al. 2016)
with its potential effects threatening to push about 100 million people into poverty in the next
fifteen years (Hallegatte et al. 2016). In the same document, a scenario analysis shows that
agriculture is the primary driver of the impacts of climate change on poverty (Hallegatte et al.
2016). Agriculture is usually a key sector in developing countries, constituting the main source of
income, food security, nutrition, jobs and livelihoods of about 2.5 billion people worldwide
(Hallegatte et al. 2016). At the same time though, its dependence on environmental conditions,
especially weather, not only directly but also through climate-related sources of stress, like pests
and diseases, makes it one of the most sensitive sectors to climate change. (Hallegatte et al. 2016;
Ali and Erenstein 2017).
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The extent of the challenge calls for strategies that better target the areas where poor people
live and the activities on which their lives depend. Successful strategies for alleviating poverty and
hunger in developing countries must necessarily consider agriculture, which is at the core of the
livelihoods of rural people (FAO et al. 2002). At the same time, such strategies need to contemplate
the effects of climate change on agriculture and the agricultural-dependent livelihoods, as well as
their multiple interacting drivers (Ali and Erenstein 2017).
The concept of poverty is multidimensional and dynamic. Poverty is not just a matter of low
income, but also includes other dimensions such as poor health, lack of education or inadequate
living standards (Krantz 2001; OECD 2013). Whereas economic growth is essential for poverty
reduction, their link is not direct since achievements in the latter will depend on the capabilities
of the poor to take advantage of new economic opportunities (Krantz 2001). Therefore, it becomes
indispensable the identification of main constraints that prevent the poor from improving under
a specific context, i.e. from benefitting from favorable conditions, in order to be able to support
them through policy and action (Krantz 2001). Poverty is also not static in nature: as you read this
document, many people are escaping poverty, while many others are simultaneously falling into
poverty (Krishna 2007). These two streams are constantly changing in their size and intensity
depending on the specificities of the context (Krishna 2007). While some people may be poor
throughout its whole life, others may be poor only in some years, falling into poverty during
stressful periods and then recovering to a better status (Dercon 2004; Krishna 2007).
Poverty is an essential factor determining the vulnerability of people to climate variability and
change. In combination with other social factors (e.g. marginalization and insecure land tenure
arrangements), environmental processes (land degradation, desertification), and climate-related
hazards, it determines risks (Oppenheimer et al. 2014). While people in a given area may be
similarly exposed to climate-related hazards, the poorer ones face the most significant risk
(Heltberg et al. 2009; Andrade Pérez et al. 2011; Ribot 2017). This is because they are more
sensitive to both direct and indirect climate impacts. Poor people are often specialized in smallscale agriculture and animal husbandry and rely on these as their main income-generating
activities. They have little adaptive capital to draw on and so have difficulty in adjusting their
income sources to changing conditions (Sperling et al. 2008; Sietz et al. 2012). In particular, they
may lack access to agricultural credit, fertilizers, alternative seeds, and other resources, all of
which restrict their ability to take action when facing hazards (Leichenko and O’Brien 2002).
Poverty is not only a driver but also a consequence of climate-related risk (Hansen et al. 2019).
Hansen et al. (2019) suggest that climate-related risk contributes to poverty through three
different paths. The first one involves ex-ante risk management strategies (Hansen et al. 2019).
These include (i) risk reduction strategies, such as income diversification, low risk-low return
cropping pattern and (ii) risk mitigation strategies, i.e. actions to provide compensation in case of
a risk-generated loss, such as formal insurance, holding of savings and social networks. Such
strategies commonly hinder the accumulation of productive assets and are usually carried out at
the expense of the productivity and cost-effectiveness of productive assets (Hansen et al. 2019).
As an example, a farmer living in a frost-prone area of the Andes may try to plant at different sites
to diversify its risk of frost-related losses. Moreover, he/she may choose to plant native frostresistant potato varieties over more commercial varieties, trading potential higher earnings for
reducing the risk of production loss.
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The second path is through ex-post coping responses to climatic shocks (Hansen et al. 2019).
Such strategies mainly deal with risk coping, i.e. actions taken to make up for losses after the
occurrence of a risky event. (E.g. reallocation of labor/child labor, reducing consumption,
borrowing from relatives, migration, selling financial assets, saving/borrowing from banks, offfarm income, transfers from mutual support networks, disaster relief, social assistance, other
agricultural support programs). Hansen et al. (2019) argue that the use of such strategies as
responses to severe or repeated climate shocks “can force non-poor but vulnerable households to
divest their productive assets. For some households, this status will be transitory while others
will fall or remain at a point below the poverty trap threshold” (p. 29).
The last path is through the decrease of risk tolerance with decreasing resource endowment,
meaning that the relatively poor will trade off expected gains for lower risk so that the expected
marginal returns to wealth are lower for lower-wealth households (Carter and Barrett 2006;
Hansen et al. 2019). Moreover, when facing climate-related risk, political and social structures
operating at aggregated levels can potentially hold back economic opportunities thereby
contributing to poverty and perpetuating poverty traps at the household level (Carter and Barrett
2006; Barrett and Swallow 2006; Hansen et al. 2019).

2.2.3. Archetypes of FHS vulnerability
The origins of the concept of archetypes can be traced back to Plato’s theory of Forms or
theory of Ideas and his concept of Eidos, a form of collectives that represented the essence or
fundamental characteristics of an entity, rather than its specific peculiarities (Nagy 1991; Alican
and Thesleff 2013). In general terms, an archetype is described as “a primordial thing or
circumstance that recurs consistently and is thought to be a universal concept or situation” (Arlow
& Neustadt, 2004, p. 4). Besides philosophy, the use of archetypes has expanded to many
disciplines, such as psychology, see archetypes of Jung in the early 20th century (Nagy 1991);
medicine and biology, see Richard Owen's Vertebrate Archetype (Rupke 1993); and social
sciences, including business and software systems, see Arlow and Neustadt (2004), strategic
change, see Greenwood and Hinings (1993), and marketing, see Dichter's Strategy of Desire
(Dichter 2012). The definition of an archetype varies across disciplines, being tailored to fit the
goals of the analysis (Eisenack et al. 2006). Moreover, archetypes can have different natures,
depending on the settings (formal to non-formal), type of data and information (qualitative to
quantitative), and the approach (descriptive or prescriptive) (Eisenack et al. 2006). The analysis
of archetypes in socio-ecological system, which is the focus of attention adopted in this document
to analyze the vulnerability of farm household systems to climate variability and change, has been
defined by Eisenack et al. (2006) as:
“representative patterns of the interaction between society and nature bringing about
global environmental change and/or being a response to such changes. They illustrate basic
underlying processes and are made to draw connections between regions and to assist
decision-makers recognizing their particular situation within a broad context. They are
building blocks of social-ecological interaction that reappear in multiple case studies,
meaning that they can be found at different places around the world because these places
share certain conditions” (p. 3).
The use of archetypes in the analysis of socio-ecological systems has gain momentum in the
past few decades, bringing about a rich variety of examples and applications at different focuses
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and scales. Indicator-based archetype analysis have been conducted, for example, at local scales,
(Sietz et al. 2011, 2012), adding to the case study perspective of analysis of the ‘Sahel Syndrome’5
and revealing vulnerability patterns to weather extremes with regard to food security in the
Peruvian Altiplano; at regional scales, (Sietz et al. 2017) to identify nested archetypes of farming
systems’ vulnerability in the drylands of sub-Saharan Africa; and at global scales, (Václavík et al.
2013; Kok et al. 2016) to map archetypes of global land systems and to identify vulnerability of
smallholders in drylands. Meta-analytical tools have also been applied at global scales (Lambin et
al. 2003; Geist and Lambin 2004) to investigate global archetypes of vulnerability and sustainable
livelihoods and explain desertification and tropical deforestation. Other noteworthy applications
of archetype analysis are the use of qualitative dynamical modelling and viability analysis to
evaluate the ‘overexploitation syndrome’ in marine fisheries (Kropp et al. 2006); and the
derivation of technical and policy options to address vulnerabilities in relation to human welfare
and sustainable development in a global context (Jäger and Kok 2007).
The central premise behind the archetypical analysis of the vulnerability of socio-ecological
systems is that there are specific processes that shape vulnerability, and those processes result
from context-dependent socio-ecological interactions that, in turn, are shaped by global
phenomena such as climate conditions and economic and political structures (Sietz et al. 2011,
2012; Kok et al. 2016). Archetypes of vulnerability are then recurrent conditions that shape those
relations, and its analysis provides insights into its systemic nature, allowing a level of complexity
that abstracts from the individual but avoids overgeneralization (Eisenack et al. 2006; Sietz et al.
2017). This is done by “identifying reappearing but non-universal patterns that hold for welldefined subsets of cases” (Eisenack et al., 2006, p. 1).
Archetype analysis is a suitable approach to understand and compare patterns of
(un)sustainability in heterogeneous cases, contexts or groups, allowing the exploration of policy
opportunities across various contexts (Eisenack et al. 2006) at more disaggregate levels (Ben and
Steemers 2018). Moreover, archetypes can be used to make future projections by exploring
changes in vulnerability patterns among the observed sub-set while developing priorities for
research and development (Ben and Steemers 2018). A main strength of the approach lies in its
flexibility to be applied using a broad spectrum of theoretical and methodological tools, facilitating
inter- and transdisciplinary research work (Eisenack et al. 2006).
Main challenges of using archetype analysis as reported by Eisenack et al. (2006) are: (i) the
selection of suitable elements to define the archetypes (the attributes to build patterns from) is
normative, ergo relies on empirical knowledge and has underlying value judgements that need to
be clearly presented; (ii) the definition of boundaries for those archetypes that don’t have a
spatial location. This has to do with the definition of the unit of analysis in global processes, such
as the entire atmosphere or resources in the oceans. Here the definition of reappearing patterns
in other ‘units of analysis’ becomes at least problematic; (iii) despite the fact that archetype
analysis allows upscaling results from the local to global scale, and that it also links global
processes to local patterns, the analysis at multiple scales, e.g. global, regional and local, is still a
challenge; and (iv) the demostration of the model validity by providing a transparent and
comprehensive documentation of the analysis Eisenack et al. (2006).
In the context of global change research, the so-called syndrome approach was suggested by as an
instrument to analyse complex trans-sectoral phenomena. See WBGU (1997), for a detailed presentation
of the list of syndromes.
5
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The first step in building an archetype is the recognition of relevant biophysical and sociopolitical dimensions that shape a given process of a set of case studies (Eisenack et al. 2006). These
dimensions are expressed as variables, that can be of qualitative or quantitative nature, that are
not assumed to be shared nor equal among case studies, and which values may change over time
(Eisenack et al. 2006). The author suggests that the Sustainable Livelihood Approach (SLA) is an
appropriate tool for the identification of such variables at the farm household level. The SLA is
based on the notion that not all farm households have the same access to different livelihood
assets and that, more often than not, trade-offs and choices must be made (Serrat 2017). Also, the
classification of those assets in natural, financial, social, human, and physical capitals (Chambers
and Conway 1992; Alwang et al. 2001) allows to identify, organize and understand the
interconnections of relevant variables abstracting knowledge from an empirical context. This
facilitates the identification of relevant indicators to use as a basis for the archetype analysis and
also facilitate the analysis and derivation of management strategies to overcome identified
challenges.

2.2.4. Importance of local perceptions and knowledge
Recent studies suggest that adaptation is, more often than not, restricted by the values,
perceptions, processes, and power structures within society rather than by external drivers
outside their control (Adger et al. 2009; Aldunce et al. 2017). Under this approach, the limits to
adaptation are seen as endogenous to society and hence contingent on ethics, knowledge,
attitudes to risk and culture (Adger et al. 2009).
Under the premise that individuals are actors who contribute to climate change, need to deal
with its impacts, and identify, develop, support, and implement climate solutions, then involving
them is not an option but an imperative (Wolf and Moser 2011). Their values, perceptions and
norms can fundamentally induce (or constrain) political, economic, and social action in order to
address particular risks and largely influence individuals’ behavior when facing these risks
(Leiserowitz 2006; Füssel 2007; Adger et al. 2009). Understanding the perception of people and
evaluating their adaptive capacity is therefore required to develop effective risk-management
strategies that include adaptation and mitigation measures (IPCC 2007; Chaudhary and Bawa
2011; Sujakhu et al. 2019)
How agents – individuals, institutions, governments – perceive climate-related risk is
influenced by their past experience (such as the idea of social memory of past weather extremes),
their present or recent experience of weather (e.g. derived from intuitive perceptions and guided
by historical weather data), and the anticipation of future climate (such as scenarios of climate
change constructed from model simulations based on predictive science) (Adger et al. 2009).
The relevance and validity of local knowledge and perceptions in adapting to climate change
in agriculture and forestry have been demonstrated by a number of studies worldwide (Gbetibouo
2009; Mertz et al. 2009; Amos 2011; Jost 2016) and has been addressed under a variety of
perspectives in the Tropical Andes (find some noteworthy examples in Jurt et al. 2015; Gurgiser
et al. 2016; Skarbø and Vandermolen 2016; Weber and Schmidt 2016; Aldunce et al. 2017;
Scoville-Simonds 2018). Jurt et al. (2015) compared farmers’ perceptions on climate change
between selected study sites in the Alps and the Andes. Their findings suggest that perceptions
among populations in mountain regions are dissimilar and thus, global solutions are unlikely to
be effective. Gurgiser et al. (2016) found that Andean farmers’ perceptions on changes in climate
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conditions do not always match statistical records. Contrary, when analyzing local perceptions on
droughts as a single climatic hazards in Central Chile, peoples’ perceptions conformed to scientific
data (Aldunce et al. 2017). Similar findings have been reported for the Himalayas, where local
perception on ongoing climatic change and related impacts matched statistical information
(Chaudhary and Bawa 2011; Sujakhu et al. 2019). As farmers’ perceptions regarding ongoing
climate-related processes and trends influence their decision making, these could foster or hinder
the implementation of adaptation measures.
Research in Ethiopia, for example, shows that citizens have little knowledge of climate change,
and most of them, irrespective of their religion, feel that God alone has the power to change the
weather (BBC World 2009 in Wolf and Moser 2011). Such a pattern implies is that neither
adaptation nor mitigation actions are perceived as particularly compelling or urgent. A study of
elderly people’s perceptions of heatwave risks suggests that this relatively vulnerable group does
not perceive its vulnerability and therefore does little to adapt (Adger et al. 2009; Wolf et al. 2009).
Moreover, climate change in general falls short –and sometimes by a considerable margin – when
compared to other, more directly experienced environmental problems (such as water or air
pollution) or when listed against broader concerns such as the economy, health care, national
security, and other pertinent issues of public policy (Jones 2010; Wolf and Moser 2011).
While much research remains to be undertaken on how to increase the motivation and
engagement of vulnerable farmers in adaptation measures, it is well established that one-way
communication tends not to foster deep cognitive engagement or systematic information
processing and typically is insufficient in leading to sustained behavioral or political engagement
(Krantz 2001; Adger et al. 2009; Whitmarsh et al. 2011). Dialogical and participatory processes,
using research models such as socioeconomic field laboratories (Rist et al. 2006; Lindner and
Pretzsch 2013; Jost 2016) and farmer-back-to-farmer (see Horton, 1983), can make up for some
of these deficits. In socioeconomic field laboratories for example, participants (local stakeholders
and academics) are considered as informants, researchers, and teachers so as to produce
collectively knowledge based on the constructed view of farming and forestry systems and
livelihood strategies (Rist et al. 2006).
Participatory rural appraisal (PRA) “comprises a family of approaches and methods to enable
local people to share; enhance and analyze their knowledge of life and conditions, and then to plan
and to act” (Chambers, 1994, p. 953). Such approaches can be used in order to involve farmers in
all or some stages of the project design and implementation, encouraging the construction of
meaning in social interaction and – even for participants who are not deeply knowledgeable about
climate change – can better motivate interest and sustain engagement (Rist et al. 2006; Lindner
and Pretzsch 2013; Jost 2016). Participatory research facilitates the development of shared
expectations and definitions between scientists and farmers, which are a basis for the
development of robust strategies (Valdivia et al. 2010). It also provides a suitable setting for
comparing different points of view and derive lessons based on scientific facts and valuable
empirical observation (Morse et al. 2009; Valdivia et al. 2010). However, the implementation of
participatory approaches can demand significant effort, and they have been criticized for being
subjective (Morse et al. 2009). An extensive literature on PRA tools already exists: see The World
Bank (1996) and FAO (2006) PRA manuals for some notable examples.
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2.3.

Methodological framework

2.3.1. Indicator-based approaches to vulnerability analysis
As pointed out by O’Brien et al. (2004a, 2007), indicator-based approaches to vulnerability
can be used to both, enhance understanding of the causes of vulnerability (contextual
vulnerability) and quantify the extent of the problem (outcome vulnerability). In the field of social
vulnerability to climate-related hazards, indicators have been applied at local to global scales
(Deressa et al. 2008; Stafford and Abramowitz 2017). At the local scale, indicator-based
approaches have been mostly used to analyze the vulnerability of households or groups to specific
hazards (Deressa et al. 2008; Mavhura et al. 2017) - such as floods, frosts, and droughts - and they
commonly include age, gender, race, health, poverty, income, type of dwelling unit and
employment (Mavhura et al. 2017). Indicator-based approaches are limited by: “(i) considerable
subjectivity in selection of variables and their relative weights, (ii) the availability of data at
various scales, and (iii) the difficulty of testing or validating the different metrics” (Deressa et al.,
2008, p. 5).
Social vulnerability indicators are selected from the literature, through expert judgement,
correlation to past climate-related hazards, or principal component analysis (PCA) (Deressa et
al. 2008; Mavhura et al. 2017). The latter has become the most used method for indicator selection
and construction of indexes, like the most renowned one, the social vulnerability index developed
by Cutter et al. in 2003 (Stafford and Abramowitz 2017; Mavhura et al. 2017). A main advantage
of PCA-based indices is that they can be replicated to other contexts, and that is a well-established
and accepted method in the academic literature (Stafford and Abramowitz 2017). Main
disadvantages, besides the ones already originated from the use of indicators, are that PCA-base
indices are difficult to interpret and that the transparency of the methodology is frequently lacking
(Stafford and Abramowitz 2017). In other words, “users are unlikely to understand how the
selection of input variables, the use of component selection and weighting criteria, and
considerations of scale influence the resulting index” (Stafford & Abramowitz, 2017, p. 1092).
As an alternative to the use of PCA methods, other researchers use cluster techniques for
identifying social vulnerability to climate-related hazards (Sietz et al. 2012, 2017; Kok et al. 2016;
Stafford and Abramowitz 2017). Similar to PCA, cluster techniques also serve to reduce large
matrix of data to its more meaningful elements but with the distinction that the latter results in a
classification of similar observations into clusters, i.e. groups that share common characteristics.
The analysis of each cluster and its specific characteristics inform about its vulnerability. An
advantage of clustering is that the dimensions within each group remain transparent. This
facilitates the identification of specific characteristics (factors or group of factors) that may be
responsible for the vulnerability within certain groups, while may not be a source of vulnerability
for others (Stafford and Abramowitz 2017). A main shortage of using cluster techniques - besides
the already discussed indicator-based limitations – is that the cluster analysis does not directly
inform on whether certain clusters are more vulnerable than others (Kok et al. 2016). This rather
new approach to vulnerability analysis has been used in the identification of vulnerability
archetypes at different scales (see Section 2.2.3). Some noteworthy examples include Sietz et al.
(2012), who used cluster analysis to identify typical patterns of smallholder vulnerability to
weather extremes with regard to food security in the Peruvian Altiplano; Kok et al. (2016) also
used cluster analysis to visualize global socio-ecological patterns of vulnerability of smallholder
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farmers in drylands; Finally, Sietz (2014b) and Sietz et al. (2017) both applied cluster techniques
to categorize relevant indicators to characterize vulnerability in drylands in Northeast Brazil.

2.3.2. Econometric methods to vulnerability analysis
As already discussed in Section 2.2.2 there is a close link between poverty and climate
vulnerability: poverty usually is both a driver and a consequence of climate shocks. Changes in
poverty attributed to climate variability and change are vital indicators of how vulnerable people
is in time of crisis and informs about their adaptive capacity (Taupo et al. 2018).
Hoddinott and Quisumbing (2008) adopt the concepts of vulnerability and poverty of
Chaudhuri, Jalan, and Suryahadi (2002): “Vulnerability is an ex-ante (forward-looking) rather than
an ex-post concept. Poverty status can be observed at a specific time period, given the welfare
measure and the poverty threshold. By contrast, household vulnerability is not directly observed,
rather it can only be predicted. (. . .) Poverty and vulnerability (to poverty) are two sides of the
same coin. The observed poverty status of a household is the ex-post realization of a state, the exante probability of which can be taken to be the household’s level of vulnerability” (p. 11).
Based on this definition, Hoddinott and Quisumbing (2008) distinguish three econometric
methods for assessing vulnerability to poverty empirically:
Vulnerability as expected poverty (VEP) (Chaudhuri et al. 2002; Chaudhuri 2003;
Hoddinott and Quisumbing 2008), is the likelihood of a household to become (or to continue to
be) poor in the future, taking consumption (income) as a proxy for welfare. The probability is
then calculated based on whether a household falls above or below an estimated benchmark for
consumption (commonly a poverty line). A disadvantage of VEP methods is that they assume that
“cross-sectional variability is a good proxy for intertemporal variation” (Hoddinott & Quisumbing,
2008, p. 15);
Vulnerability as low expected utility (VEU) (Ligon and Schechter 2003), defines
vulnerability as the difference between the utility that would result from a household’s certaintyequivalent consumption and the household’s expected utility of consumption. If the latter falls at
or above the former, the household is not considered vulnerable (Ligon and Schechter 2003;
Deressa et al. 2008). Conversely to other approaches, VEU successfully captures the effects of risk
on household welfare (Ligon and Schechter 2003); and
Vulnerability as uninsured exposure to risk (VER), is an ex-post approach to assess the
impacts of shocks on the welfare, measures as a reduction in household consumption (Hoddinott
and Quisumbing 2008). The particularity of this method is that it uses panel data to quantify the
change in consumption resulting from a shock. This is also a main constraint of this approach,
given that such data is normally unavailable, especially in developing countries (Dercon 2002).
All these methods use socio-economic survey data to analyze vulnerability of different groups
by predicting a measure of welfare Hoddinott and Quisumbing (2008). In both VEP and VEU,
vulnerability of a household is calculated as the probability of the household’s realized
consumption falling below a benchmark. Total vulnerability emerges then from the aggregation
of the single vulnerabilities (i.e. of all households) (Hoddinott and Quisumbing 2008). VER do not
measure vulnerability per se, but is an ex-post assessments of the impacts of a negative shock, such
as floods and droughts, on households’ welfare (Hoddinott and Quisumbing 2008).
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2.3.3. Modeling adaptation to climate change
Agricultural economic models for the simulation of adaptation to climate change and
impact assessments
When dealing with socio-ecological systems in general, and land use specifically, a broad
spectrum of actions and measures can be interpreted as adaptive (Holman et al. 2019). What is
defined as adaptation is subject to and will vary according to the objective, time and spatial scales,
type of actions, actors and sector of analysis (Holman et al. 2019). Such factors need to be
accounted for in the design and development of adaptation models (Holman et al. 2019).
Within the spectrum of agricultural economic models, computable general equilibrium
(CGE) and partial equilibrium (PE) models are commonly used when assessing climate change
adaptation at the national to global levels (Berger and Troost 2014; Wiebe et al. 2015) and
recently, their application has expanded to include potential effects of climate-related policy
options on the agricultural sector (Havlik 2012; Klein et al. 2014). CGE models analyze economy
using the model of equilibrium pricing, in which all markets and all households are in
simultaneous equilibrium. Once an equilibrium is achieved, the main feature of CGEs is its ability
to capture the flow-on mechanism triggered by a specific shock (changes in price and quantity)
onto the context of analysis and vice versa (Bosello and Zhang 2005). Chalise and Naranpanawa
(2016) for example, developed a static multi-household CGE to assess probable changes in
agricultural land use as an adaptation response to the wide-economic costs of climate change on
different agricultural sectors in Nepal. Other CGE which have been used to analyze adaptation to
climate change are ENVISAGE (Van der Mensbrugghe 2008), FARM (Sands et al. 2014), MOSAICC
(Colmant 2014) and MAGNET (Woltjer and Kuiper 2014). PE models are, i.e. used to assess the
impacts of economic changes on the land use sector, providing a more comprehensive
representation than CGE models (Productivity_Commission 2012).
Contrary to CGE models, PE models are generally not designed to capture interrelated effects
on other economic sectors (Productivity_Commission 2012). As an example, FABLE (Forestry
Agriculture Biofuels Land use and Environment), is a dynamic PE optimization model that typifies
global competition for land of different goods and services such as food, energy crops, forest
products, carbon sequestration. Other PE models that have been used to analyze climate impacts
in agriculture are IMPACT (Robinson et al. 2015), MAgPIE (Dietrich et al. 2018) and CAPRI (Frank
et al. 2014). One disadvantage of CGE and PE models is that both rely on prior analysis of the
potential changes in agricultural production and supply behavior (Troost 2014a).
While CGE and PE models are useful tools for assessing climate change adaptation at larger
scales, they are not well suited for the analysis of economic, environmental and social components
and their dynamic interactions at fine resolution (Cai and Oppenheimer 2013; Berger and Troost
2014). “Incorporating these interactions is required to better capture management options for
agricultural systems in which the economic decisions and social interactions of farmers and other
land users partly depend on environmental change, and in which the environment changes in
response to the decisions and interactions of all land users” (Walker, 2002 in Schreinemachers &
Berger, 2011, p. 2). Despite the fact that many climate change impacts are going to be felt locally,
the level of aggregation of most available models does not provide a good basis for the
development of targeted-oriented policy interventions (Burrell 2010; Berger and Troost 2014).
37

The conventional economic approach to this kind of assessment assumes that entire societies can
either be described and analyzed as the mere sum of individual behaviors or as black boxes, the
behavior of which can be predicted based on past observation (Patt and Siebenhüner 2005).
However, the complex nature of societies can only partly be captured by this approach. As argued
by Verburg et al. (2004) and Troost (2014), representative farm models are a suitable method
for local-level assessment of adaptation, but the outputs of such analysis cannot be easily
aggregated to regional levels and also do not consider interactions between agents.
In recent years, multi-agent sytems (MAS) and agent-based models (ABM) have emerged as
promising tools for the analysis of agricultural adaptation to climate change at the farm and local
levels. These models complement the already discussed modeling tools available to agricultural
economics (Moss et al. 2001; Patt and Siebenhüner 2005; Balbi and Giupponi 2009; Troost
2014a), by simulating highly complex dynamic processes underlying structural change at local
levels (Britz 2013), including “relevant micro-level constraints such as environmental
externalities, limited adaptive capacity, and behavioral barriers” (Berger & Troost, 2014, p. 324).

Multi-agent systems for the simulation of adaptation to climate change
The origins of multi-agent systems (MAS) can be traced to the field of the computing science
and in recent decades, its application has rapidly expanded to many others fields, including social,
biological and environmental sciences (Kremmydas 2012; Berger and Troost 2014). MAS belong
to the family of decision-making models as can be used to simulate and analyze complex systems
(Berger and Troost 2014).
In Agricultural Economics, the work of Balmann (1997) is considered to be groundbreaker in
the use of MAS with farm linear programming (Schreinemachers and Berger 2011; Kremmydas
2012; Berger and Troost 2014). Multi-agent models are based on the simulation of the behavior
of individual farms and their interaction with each other and with the natural environment in an
explicit manner (Verburg et al. 2004; Berger and Troost 2014). The upscaling of the outcomes of
individual behavior allows observing the emergence of system-level properties at the meso-level,
such as changes in land use pattern or behavior of homogeneous groups of actors, breaching the
gap between individual outputs and higher system-level properties (Verburg et al. 2004). When
analyzing adaptation, MAS allow a detailed analysis of processes defining the extent and speed of
adaptation that may be overlooked in other simulation approaches (Berger and Troost 2014). This
includes, for example, micro-level constraints to adaptation like economies of scale, hysteresis6
and indivisibility of assets, the explicit simulation of individual and social learning processes to
deal with new environmental conditions, direct interaction between agents and the environment
as well as interactions among agents (Berger and Troost 2014). Complementary, MAS are a
suitable tool to analyze adaptation processes composed by more than one adaptation option but
of a variety of adaptation strategies that may overlap in time and space and that can potentially
complement or hinder each other (Reed et al. 2013). Reed et al. (2013) argue that, by means of
such analysis, “it should be possible to facilitate the development of complementary bundles of
options to reduce livelihood vulnerability to climate change that reduce trade-offs and enhance
synergetic benefits for poverty alleviation” (p. 74-75). Moreover, at the disaggregate level, the
modeler can look at the individual farms and their existing adaptation strategies, and identify
In economics, hysteresis refers to effects that persist after the initial causes giving rise to the effects are
removed.
6
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those households which are especially vulnerable (Troost 2014a). Also, the evaluation of sitespecific adjustment costs to climate change can be then tested using MAS in order to develop
policies that remain robust under a wide range of probable scenarios and uncertain conditions
(Berger and Troost 2014). Some noteworthy publications on the use of MAS for adaptation
analysis and adaptation in the agricultural sector have been conducted by Patt and Siebenhüner
(2005) and Berger and Troost (2014), respectively.
Holman et al. (2019) raise concern about the general absence of participatory and interdisciplinary modelling approaches and highlights the potential of MAS to integrate knowledge
derived from anthropology and social sciences. Such knowledge may include useful social and
cultural views and perceptions on climate effects and adaptation opportunities (Holman et al.
2019). Groeneveld et al. (2017) conducted a systematic survey of 134 research papers in which
ABM and MAS models were applied to analyze changes in land use. They found that most of the
existing models are not based on theory, or if so, mainly on economic theory. Therefore, they
suggest that to improve the current modeling of agent decision-making theory from the social
sciences regarding, e.g. uncertainty, adaptation, learning, interactions and heterogeneities of
agents should be actively incorporated Groeneveld et al. (2017).
A main challenge in MAS modeling, is to correctly capture relevant human decision-making
and interaction (Verburg et al. 2004). For this, the modeler needs to determine the most suitable
set of rules, that on the one hand, represents the belief system and needs of agents and, on the
other hand, allows to investigate the system (Clarke 2018). Such models often require significant
amounts of individual/household level data that, especially in developing countries, may be
difficult to obtain (Verburg et al. 2004). The validity and consequently, their use as tools for policy
analysis and development is subject to the transparency of the model (Verburg et al. 2004). Yet,
MAS become particularly “difficult to implement and interpret as their complexity increases”
(Holman et al., 2019, p. 717).
In the past 15 years, a rich literature on MAS and ABM models addressing empirical questions
related to adaptation and impacts of climate variability and change has emerged in the field of
land use and land use change (LULUCC). Studies were found to deal with migration dynamics
(Angus et al. 2009; Kniveton et al. 2012; Hassani-Mahmooei and Parris 2012; Cai and
Oppenheimer 2013; Smith 2014; Entwisle et al. 2016), tourism (Balbi and Giupponi 2009; Pons et
al. 2014), future land use changes in agriculture and adaptation and impacts at the
farm/household level (Berman et al. 2004; Bharwani et al. 2005; Ziervogel et al. 2005; AcostaMichlik and Espaldon 2008; Janmaat and Anputhas 2010; Barthel et al. 2012; Aurbacher et al.
2013; Wang et al. 2013; Berger et al. 2017; Amadou et al. 2018), and past dynamics of socioecological systems (Heckbert 2013; Balbo et al. 2014; Malanson et al. 2014). For instance, Amadou
et al. (2018) explored land use adaptation of farm households based on their perception of climate
variability in the Upper East Region of Ghana using the LUDAS framework (the model has been
reported in Le et al. 2008, 2010). Wang et al. (2013) analyzed institutional climate change
adaptation in the Mongolian grasslands. Aurbacher et al. (2013) modeled the decisions of farmers
regarding arable farms in Central Europe to observe changes in management and crop growth
resulting from actual observed weather and yield data on daily time steps. Some literature also
informs of the utility of these models in participatory scenario analysis and policy design, such as
Naivinit et al. (2010) which use ABMs as basis for the discussion on the interrelations between
labor migrations and rice production among scholars and rice farmers in Northeast Thailand; and
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Van Berkel and Verburg (2012), who conducted backcasting exercises for rural development in
the Dutch region of Achterhoek.

The MPMAS-model
The model developed by the author uses MPMAS, which is a software package for simulating
decision-making and land use change in agriculture and forestry. MPMAS is part of a family of
models called multi-agent systems models of land-use/cover change (MAS/LUCC). These models
couple a cellular component representing a physical landscape with an agent-based component
representing land-use decision-making. MAS/LUCC models have been applied in a wide range of
settings7, for example to address diffusion of new practices in agriculture in Hohenlohe, Germany
(Balmann 1997); to explore the settlement patterns in Mesa Verde Region, USA (Kohler and
Gumerman 2002); and to assess trends in tropical cultivation and deforestation in the Yucatán
Peninsula of Mexico (Manson 2000). These models have in common that agents are autonomous
decision-makers who interact and communicate and make decisions that can alter the
environment. Besides MPMAS, MAS/LUCC applications have been implemented with software
packages such as Cormas, NetLogo, RePast, and Swarm (Railsback et al. 2006). The main
difference between MPMAS and these alternative packages is the use of whole farm mathematical
programming to simulate land use decision-making. With this decision-making component
MPMAS is firmly grounded in agricultural economics (Berger and Schreinemachers 2009).
Empirical applications of MPMAS include research on irrigation management in Chile (Berger
et al. 2007), technology adoption in Thailand (Schreinemachers et al. 2009, 2010), analysis of
producers’ organizations in Uganda (Latynskiy 2013a); and ex-ante assessment of soil
conservation methods in Vietnam (Quang et al. 2014). Currently, there are two applications of
MPMAS on adaptation to climate change known to the author. The first one was conducted by
Troost et al. (2012), who analyzed the potential effects of climate change adaptation on
agricultural production and land use in southwest Germany. In the second application, authored
by Berger et al. (2017), MPMAS was used to analyze smallholder adaptation to climate and price
variability in Ethiopia.

7

For reviews on the use of MAS/LUCC models see Janssen (2002) and Parker et al. (2003).
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2.4.

Research framework

This Section explains the theoretical context used to operationalized the research goals,
defining in detail vulnerability and adaptation and which factor they depend upon.
The vulnerability of an FHS to climate variability and change is defined as the FHS’s
ability/inability to cope with external pressures or changes resulting from changing climate
conditions. It is explained by factors that are both internal and external to the FHS and their
interactions8. Such factors define the levels of exposure, sensitivity and adaptive capacity of the
FHS at a given point in time (Smit and Pilifosova 2003; Yohe et al. 2003; Adger 2006; Paavola
2008). These core concepts and their interrelation are illustrated in Figure 2-2 and explained in
the following.
Figure 2-2. Illustration of the core concepts of farm household system’s (FHS) vulnerability to climate
variability and change. Vulnerability results from the interaction of external determinants (including
climate variability and change but also political and social factors) and determinants that are
internal to the farm household system. Changes in internal and external determinants are drivers of
changes in exposure, sensitivity and adaptive capacity of the FHS.

External determinants are changing biophysical conditions as well as dynamic social,
economic, political, institutional, and technological structures and processes (Adger 2006; O’Brien
et al. 2007; Fellmann 2012) that are outside an FHS’s control and over which an (at least a single)
FHS holds no power and therefore can neither influence nor change them. Specific determinants
that can increase or decrease an FHS’s vulnerability include, for example, temperature and
precipitation patterns, marginalization, inequity, food and resource entitlements, presence and
This conceptualization of vulnerability is largely compatible with other classifications that distinguish
between ‘internal’ and ‘external’ factors of vulnerability, i.e. between external stressors that a system is
exposed to and the internal factors that determine their impacts on that system (e.g. Chambers 1989;
Sanchez-Rodriguez 2002; Pielke and Bravo de Guenni 2003; Turner et al. 2003; Füssel 2007; Ellis 2008).
8
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strength of institutions, economics and politics (Adger and Kelly 1999; O’Brien and Leichenko
2000; O’Brien et al. 2004; Cardona et al. 2012; Fellmann 2012). The present study examines
vulnerability by considering climate variability and change as main external determinants.
Climate variability is here understood as the potential occurrence of climate-related hazards,
which is a climate-induced event, or trend, or its physical impacts (IPCC 2014a), such as droughts,
landslides or frost events (Sujakhu et al. 2019). In this research, the term hazard refers to climaterelated physical events with negative impacts on agriculture. Complementary, climate change
refers to “a change of climate which is attributed directly or indirectly to human activity that alters
the composition of the global atmosphere and which is in addition to natural climate variability
observed over comparable time periods.” (UN, 1992, p. 3).
Internal determinants are the set of adaptive capital available to the FHS and they determine
the ability of an FHS to cope with external stressors. For the present research the concept of
adaptive capital is used as synonym with capital assets or livelihood assets as known in the
Sustainable Livelihood Approach (SLA). The adaptive capital is thereby define as the basic
material and social, tangible, and intangible assets that people use for constructing their
livelihoods (Chambers and Conway 1992). The SLA belong to the family of livelihood approaches
(see Section 2.2.4) and it is widely used for the analysis of the dynamic dimensions of well-being
and poverty. Such approaches focus on the needs of people, especially the most vulnerable, in
ways that are specific to the situation under analysis (Mclean 2015; Massoud et al. 2016; Serrat
2017).
Following an SLA framework, relevant adaptive capitals that shape the livelihood strategies of
FHS can be identified. The adaptive capital of a FHS is categorized in natural, financial, social,
human, and physical capital (Chambers and Conway 1992; Alwang et al. 2001):
Natural capital; the natural resource stocks and environmental services from which resource
flows and services useful for livelihoods are derived (Serrat 2017). For example, land and produce,
water and aquatic resources, forests and forest products, genetic resources, biodiversity and
carbon sinks.(Scoones 1998; Krantz 2001; Massoud et al. 2016; Serrat 2017)
Financial capital; the capital base that is important for conducting any livelihood strategy
(Scoones 1998). It can include savings, credit and debt (formal, informal), remittances, pensions,
and income from employment (Massoud et al. 2016; Serrat 2017).
Social capital; the social resources upon which people draw when pursuing different
livelihood strategies (Scoones 1998). The social capital can be formed by formal and informal
networks and connections, including relations of trust and mutual understanding and support,
shared values and behaviors, common rules and sanctions, collective representation, mechanisms
for participation in decision-making, leadership, between others (Serrat 2017).
Human capital; it includes resources like education, knowledge, skills, and capacity to work
and adapt important for the successful development of different livelihood strategies (Scoones
1998; Krantz 2001; Massoud et al. 2016; Serrat 2017).
Physical capital; is the infrastructure, tools and technology that is used to pursue a livelihood
strategy. Examples are roads, vehicles, secure shelter and buildings, water supply and sanitation,
energy, communications (e.g. internet and cell phones), tools and equipment for production,
traditional technology (Scoones 1998; Krantz 2001; Massoud et al. 2016; Serrat 2017).
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Based on the factors that are relevant for each capital, livelihood constraints and opportunities
can be organized, their interconnections can be better understood and management strategies to
overcome identified challenge can be derived (Massoud et al. 2016; Serrat 2017). The SLA is based
on the notion that not all FHSs have the same access to different livelihood assets and that, more
often than not, trade-offs and choices must be made (Serrat 2017). In the vulnerability analysis,
the absence or a low amount of adaptive capitals is considered to increase the vulnerability of the
FHS, since it lacks resources to draw upon in case of hardship. The access to these assets will
depend on external determinants of vulnerability, which include “shocks such as conflict, natural
disasters and political instability, and trends and changes such as population or demographic
changes, environmental change, technology transfer, and trade” (Massoud et al., 2016, p. 56).
Internal and external determinants define the levels of exposure, sensitivity and adaptive
capacity of the FHS at a given point in time. Exposure represents the “conditions of the natural
and built environment that position a system to be affected” (Morss, Wilhelmi, Meehl, & Dilling,
2011, p. 3) by climate. In other words, exposure is related to the location of the FHS and the
probability that these locations may be adversely affected by external determinants (IPCC 2014a).
To exemplify this, the spatial location of the cultivated farm plots of a given FHS, with the growth
stages of the crops on these farm plots (internal determinants), and the climatic characteristics of
these sites (external determinant) jointly contribute to defining the exposure of that particular
system at a specific point in time. Sensitivity is “the degree to which a FHS system is affected’ by
climate stressors” (Morss et al., 2011, p. 3). In the example given above, sensitivity would be
expressed as, for example, crop damage in response to an increase in the occurrence of heavy
rainfalls. Several studies have found that demographic and socioeconomic factors, such as age,
material constraints, and health conditions play a major role in defining the sensitivity (Morss et
al. 2011). Also, empirical studies show that vulnerable groups such as elderly, mentally ill, and
socially isolated are more sensitive and are most affected by extreme weather conditions (Morss
et al. 2011). Finally, adaptive capacity is understood as “the ability of an FHS to adjust to potential
damage, to take advantage of opportunities, or to respond to consequences” (IPCC 2014b, p. 118).
In the terminology used in the present document, adaptive capacity encompasses short-term
adjustments, i.e. the capacity to cope with existing climate-related hazards, as well as
adaptation, i.e. long-lasting changes to take advantage or reduce the risk of negative effects cause
by climate variability and change. The adaptive capital (internal determinant of FHS vulnerability)
of a given FHS defines the manifold livelihood strategies that it can developed and practiced in
order to minimize vulnerability (Vidal Merino et al. 2018). Factors such as availability of
information and technology, economic and human resources, and beliefs and practices (Morss et
al. 2011), are major determinants of the adaptation capacity of FHSs.
The importance of the adaptive capital of an FHS in the definition of its vulnerability and adaptive
capacity is apparent. This can be clearly observed during agricultural droughts, which are
common in the Andean region and can have devastating effects on the productivity of crops. A
farmer who has an irrigation system (physical capital) in place might use water to control the
negative effects during and after the drought and so minimize the damage to crops. Another
farmer in the same area with no irrigation system can do little to protect his crops or will have to
apply another strategy, if available. Finally, a third FHS might be specialized in off-farm labor and
therefore care little about an agricultural drought (drought is not a source of stress for that
particular FHS since the relative expected loss is low or none). At the same time, though, the use
of the capital portfolio to minimize vulnerability often interferes with the ability of an FHS to
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maximize its productivity. In times of need, Andean FHSs – characterized by limited overall capital
– will draw on their assets in order to cope with short-term stresses. To preserve their ability to
react to short-term stresses, FHSs tend to maintain a pool of different forms of capital with a
higher proportion of secure and liquid assets to the detriment of expected returns and long-term
adaptation (Heltberg et al. 2009). This may give rise to asset-based poverty traps (Carter and
Zimmerman 2000; Barrett and McPeak 2006; Heltberg et al. 2009).
The presented methodological framework resonates with the ‘starting point’ approach of
Kelly and Adger (2000) and the ‘contextual vulnerability’ concept of O’Brien et al. (2007): climate
variability and change, together with other external determinants (like political institutional,
economic and social structures and changes) interact dynamically with contextual conditions
(internal determinants or adaptive capitals) associated with a particular ‘exposure unit’ (the FHS)
thereby defining its vulnerability’. In line with the research questions, the proposed framework
places emphasis on the effects of climate change, how FHS are affected by it, and whether some
farm household groups are more affected than others. The focal point is therefore placed on the
FHS and its adaptive capital, which shapes the livelihood strategies that an FHS has available to
adapt to changing climate conditions.
If followed literally, the proposed framework would imply that for each FHS at a given point
in time, there is a unique vulnerability state generated by a unique combination of internal and
external conditions. Therefore, measures to reduce vulnerability or increase adaptation capacity
would ideally be unique as well. Although the implementation of unique solutions is unrealistic, it
has inspired the idea of what Köbrich et al. (2003) calls ‘recommendation domains’, where the
identification of typical FHS groups (clusters) emerge allowing the differentiation of vulnerability
archetypes and related recommendations. This identification facilitates the understanding of
vulnerability patterns, fosters the general applicability of recommendations, and allows the
exploration of policy opportunities across heterogeneous contexts at more disaggregate levels
(Köbrich et al. 2003; Eisenack et al. 2006; Ben and Steemers 2018). Multi-agent systems and
agent-based models are recognized tools for the generation of such recommendation domains
(Köbrich et al. 2003). A main challenge in the parametrization of such models is to successfully
replicate ‘typical’ conditions. To this end, multi-variate statistical analysis, such as cluster
techniques, provide a robust way of creating the required typologies (Köbrich et al. 2003).
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2.5.

The International Network on Climate Change

This PhD thesis was conducted as part of the International Network on Climate Change (INCA)
project, which was part of the climate networks initiative of the German Academic Exchange
Service (DAAD), funded by the Federal Foreign Office of Germany. The INCA project was
conducted between 2010 and 2013 in two South American countries: Peru and Bolivia. The
project was aimed at understanding the situation of local farming and forestry systems in the
tropical Andes, deriving and testing livelihood strategies for small-scale farms and indigenous
communities together with local actors, scientists, experts, and students.
The contribution of the present research to the INCA project was the development of an
approach to assess the vulnerability of farm households to climate-related hazards, and to derive
archetypes of farm household vulnerability. A second contribution was the development of a
model that simulates the adaptation responses of FHSs, considering interactions between farm
households and their environment, allowing to assess the impacts of changing temperature
conditions on the socio-economic status of FHS and on the agricultural landscape. The
operationalization of the proposed methods was done in selected study sites in the Peruvian
Andes.
Other INCA project researchers conducted complementary studies. Some of them are: the role
of trees in sustainable livelihood strategies for risk reduction (Jost 2016); the importance of nonfarm and agricultural wage income in the Achamayo Region (Wittmann 2013); the potential
effects of changes in temperature conditions on selected agricultural plants (Drechsel 2013);
monitoring and analyzing land use/land cover and their changes using Remote Sensing and GIS in
the Achamayo and Shullcas region, Peruvian Andes (Medina 2011); adaptation strategies of
Andean campesinos for coping with climatic variability (Amos 2011) – to mention those most
relevant to the present research.
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Chapter 3. Study Area

This Section contains secondary information obtained from the literature as well as results of
work conducted in the study area by other researchers of the INCA project. Such information is
included in this document due to the relevance for understanding the authors work and it does
not constitute original research by the author.

3.1.

General characteristics of the study area

For the operationalization of the methods, this research looks at study cases in the Achamayo
watershed, located in the central Andes in Peru. This watershed is part of the Mantaro river basin
and encompasses an area of about 309.3km2.
Within the Achamayo watershed, altitude ranges from 3200m a.s.l. to 5325m a.s.l. with a mean
value of 4262m a.s.l.. This great altitude difference in a relatively small area leads to a complex
relief. The lower altitude is located in the western part of the study area, by the Mantaro River.
There, the surface is generally homogeneous with a very gentle slope. Altitude increases towards
the east, on the slopes of the valley, where the Achamayo river has shaped the relief-forming hills
and valleys.
Precipitations in the Mantaro Valley include two well-deﬁned periods during the year: a rainy
season starting in September and ﬁnishing in April of the next year, and one drier period, from
May to August (IGP 2005a). During the dry season, precipitation is scarce or absent, with
minimum values between June and July (20mm/month). The rainy season commonly starts in
September, with precipitation values progressively increasing until reaching a peak during
January and March (IGP 2005b).
The mean annual temperature is 11.1°C, with a strong relationship between temperature and
altitude, having a mean annual temperature decrease of around 0.5°C per 100-meter increase in
altitude up to 4000m a.s.l. (Seltzer and Hastorf 1990). Temperature maxima are achieved during
May (an average maximum temperature of 20.2°C), and in November (20.7°C), at the start of the
rainy season (Trasmonte Soto 2009). The minimum temperature reaches its lowest during June
and July (0.5°-1°C) and its maximum during January and March (7°C on average) (Trasmonte Soto
2009).
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Politically, the Achamayo watershed is located in the department of Junín, among the
provinces of Concepción (districts of Heroínas Toledo and Santa Rosa de Ocopa) and Huancayo
(Quichuay district) (see Figure 3-1). According to the latest census (INEI 2007), the Achamayo
watershed has 15,200 inhabitants. The local population is dedicated mainly to agriculture,
livestock grazing and in lesser degree commerce (García 2011). Most households are considered
small landholders, owning between 0.03 and 3.5 hectares of land (with an average of 1.1. hectares)
(Jost 2016). These commonly diversify their on-farm activities with off-farm income sources,
including local wage labor, self-employment (e.g. taxi) and/or temporary migration (Wittmann
2013).
Most of the population are poor and have simple living conditions. The vast majority of houses
are built from tapia9 (95%) and have tamped floors (68%) (Vilcapoma 2008). More than 80% of
all households in the area use wood for cooking. Access to basic services is far from being
standard, with only 63% of all households connected to the public drinking water supply.
Electrical energy is only available to two-thirds of the population and a small minority (6%) is
connected to a public sewer system. Primary schools exist in all communities and a secondary
school is located in San Antonio. Roughly 50% of the population has attended secondary school.
About one fifth (21%) of the people are illiterate (Villar 2008).

Figure 3-1. Location of the Achamayo watershed and selected communities. Adopted from: Medina,
2011. Design by: Drechsel, J.

3.2.

Land use and land cover

The INCA project conducted a detailed analysis of the land use and land cover (LULC) of the
Achamayo watershed. The resulting LULC map was used in the present research to generate the
Tapia is clay mixed with straw. Different to adobe the material is not pre-formed into bricks
but filled into wooden frames on the spot where the wall will be constructed. The material is
stomped and the frame removed once the wall is dry enough.
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landscape of the model to analyze the impacts of changes in temperature conditions on FHSs and
the agricultural landscape. While this Section summarizes the main findings, the detailed methods
and results can be found in Medina (2011) and Drechsel (2013).
Within the Achamayo watershed, the complexity of the landscape including the great
altitudinal variation, the diversity of climatic conditions, and the irregularity of water resource
distribution define the different land categories and the related land uses (Medina 2011). As
shown in Table 3-1 and Figure 3-2, the most representative land categories in the study area are
grasslands, bare soil and rocks. All the mentioned categories have low or no productivity at all,
with the exception of “high density grasslands” which can be used for grazing livestock.
Land categories which are relevant for the development of productive activities are “high
density grasslands” (33.3%) which is used for grazing livestock, “agriculture”, which represent
5.6% of the surface area; “plowed soil”, which is agricultural land fallowed and represents 0.5%
of the surface area; and “trees”, which cover 5.9% of the watershed and include not only forest
areas but also shelterbelts and tree lines surrounding farm plots.
With only about 6% of the total land surface, agricultural land is a very scarce resource and a
main constraint for agricultural development in the study area. This is mainly explained by the
high altitudinal range in which the watershed is located, between 3200m a.s.l. and 5325m a.s.l.
Altitude strongly affects the distribution of land uses and cover since it is related to the climatic
characteristics. At high elevation, above 4000 m, the temperature conditions throughout the year
do not allow agriculture and forestry to be practiced.
Other important determinants of land use are related to market structures, mainly market
prices for inputs, outputs, as well as labor and land availability. Logically, agriculture is always
preferred over other land uses. Hence, tree plantations are commonly present in areas of steep
slopes, superficial and rocky soil where agricultural production is marginal (Medina 2011).
Table 3-1. Land-use and land-cover classes identified within the Achamayo watershed. Results are
based on the analysis of Rapideye satellite images corresponding to May of 2011 (Adapted from
Drechsel 2013).
Classes
Grassland
Grassland - low density
Grassland - high density
Agriculture
Trees
Plowed soil
Soil with rocks
Bofedales
Rocks
Urban
Snow
Water
Clouds*
Total

Area
(km
101.7)
78.4
15.9
17.2
18.0
1.7
20.3
3.1
45.7
1.2
1.2
0.8
3.6
305.1

%
33.3
25.7
5.2
5.6
5.9
0.5
6.6
1.0
15.0
0.4
0.4
0.3
1.2
100.0

* land cover could not be identified
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Figure 3-2. Land use and land cover map of the Achamayo watershed. The map is based on the analysis of Rapideye satellite images corresponding to May of
2011 (Drechsel 2013)
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3.3.

Agro-ecological zones

Agro-ecological zoning is a classification scheme that separates areas with similar sets of
potentials and constraints for development. An agro-ecological zone (or “agro-life zone” as
originally named by Mayer) may be described by the set of crops that are grown, the relationship
between agriculture and animal husbandry, the agricultural practices that are employed, and the
relationship between agricultural and non-agricultural land, as well as the climatic and natural
vegetative associations that are included in Holdrige’s scheme (Mayer 1979).
This comprehensive classification was used as main reference for the implementation of the
methods and it is relevant for understanding the results of the present research. Since the agroecological zoning as developed by Mayer corresponds to the entire Mantaro river basin, the
original classification has been scaled down to the specifics of the Achamayo watershed. This
means that, even though the core of the classification remains the one conducted by Mayer, some
specific characteristics observed in the Achamayo watershed have been included, therefore
allowing a better picture of the different zones.
The agro-ecological zones observed in the Achamayo watershed are indicated in Table 3-2 and
illustrated in Figure 3-3.
Table 3-2. Agro-ecological zones in the study area. Adapted from Drechsel (2013)
Achamayo
Altitude range
Agro-ecological zone
Area
Proportion
(m a.s.l.)
(km2)
(%)
3000 – 3500
Low
25.63
8.29
3500 – 4000
Intermediate
53.9
17.43
4000 – 4200
High
53.4
17.27
> 4200
Very High*
176.33
57.02
Total
309.26
100.00
*This agro-ecological zone is not part of the original classification of Mayer (1981)
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Figure 3-3. Map of the study area showing the distribution of the agro-ecological zones. Adapted
from Dreschsel (2013)

(a)

Low (3000 – 3500m a.s.l.)

The “low” zone accounts for 8.29% of the Achamayo watershed. The combination of favorable
topographic conditions, soil properties, and milder climate makes it the most productive and the
most intensively used agro-ecological zone (Mayer 1979). It is characterized by man-made
diversity as defined by the variety of socioeconomic conditions under which agriculture is
practiced (Mayer 1979).
Differences within this zone can be made between irrigated areas (which are almost
permanently under production) and non-irrigated or “dry” areas (which are cultivated only
during the rainy season); and between large-scale commercial production areas and farm plots
managed by farm households, whose production is mainly for home consumption (Mayer 1979).
With regard to these differences, Mayer (1979) distinguishes five subzones:






Maize Peasant Subzone (Sub-zona Campesina de Maiz)
Irrigated Peasant Subzone (Sub-zona Campesina Bajo Riego)
Non-irrigated Peasant Subzone (Sub-zona Campesina de Secano)
Irrigated Commercial Subzone (Sub-zona Comercial Bajo Riego)
Non-irrigated commercial Subzone (Sub-zona Comercial de Secano)
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Climatic conditions favor the cultivation of a higher diversity of crops, with types and crop
mixes varying among sub-zones. For instance, potatoes are very attractive in some sub-zones
(being responsible for specialization and monocultures), whereas in others, carrots, artichoke,
maize and alfalfa are more profitable (Mayer 1979).
The commercial subzones are characterized by larger field sizes, flatter surfaces, with better
drainage conditions and more fertile soils (Mayer 1979). The fallow practiced in these areas
consists of planting alfalfa for a period of four to six years. Where irrigation is available, conditions
allow a “double harvesting,” i.e. farmers sow a fast-growing crop right after the frost period
followed by a second crop with a longer developing time (e.g. some vegetable or forage and later
maize or potatoes) (Mayer 1979).
In this area farmers use fertilizers (chemicals and dung) and chemicals for plague and disease
control. As it might be assumed, in areas with a commercial focus, the use of such inputs is higher
because farmers can afford it (Mayer 1979).
The modalities of land tenure are diverse. Some areas are under communal control and are
assigned to farm households for cultivation for a defined period of time, which can range from a
cropping season to many years (Mayer 1979). Others are private, with presence of a number of
leasing practices where the producer has no ownership of the land (Mayer 1979).
It is common to find trees (especially eucalyptus and quinual) as fences around agricultural
fields or in the case of eucalyptus, forming forest plantations. Trees are used for timber and for
firewood (Mayer 1979).

(b)

Intermediate (3500-4000m a.s.l.)

This agro-ecological zone occupies a strap of territory along the edges of the valley and the
collecting basins of the tributaries to the Mantaro (Mayer 1979), including the Achamayo river. It
varies in width depending on the slope and, in the Achamayo watershed, it covers 53.9 km2,
around 17% of the total area.
In general, the climate in this zone is moist and cold. However, it is highly varied, depending
upon altitude and topography. Small variations in altitude produce differences in climate which
are reflected in an increasing diversity of crops as one moves from higher to lower areas (Mayer
1979). A progressive intensification of agriculture along this altitudinal gradient is observed: land
is fallowed for shorter periods and gradually more terrain is brought under cultivation in the
lower areas (Mayer 1979).
Crops planted in the intermediate zone are potatoes, Andean tubers (mashua, oca, olluco),
grains (barley, oats and wheat), a few legumes (faba beans, field peas, lupinus) and some quinoa
(Mayer 1979). A conspicuous characteristic of the intermediate zone is the total absence of maize.
On the basis of a difference in crop dominance, this agro-ecological zone is subdivided into the
tuber dominant and the grain dominant subzones (Mayer 1979). The eastern side of the Mantaro
valley, where the Achamayo is located, is tuber dominant; the western side is grain dominant
(Mayer 1979).
On the whole, cultivation in the entire intermediate zone is carried out by small farm
households. A sizeable proportion of the crops is used to feed the family members. Some of the
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harvest is sold, but the intermediate agro-ecological zone does not stand out as a commercial zone
(Mayer 1979).
Although not described by Mayer, in this zone it is common to find trees, mainly eucalyptus
(Eucalyptus globulus) and quinuales (Polylepis spp.) as protection fences around some agricultural
fields. This is possible because of the abundance of small water springs and an in-place irrigation
system that generate benign conditions for trees to develop.

(c)

High (4000–4200m a.s.l.)

This zone represents 17.3 % of the total land surface of the Achamayo. Its upper boundaries
are natural pastures, while its lower boundaries are the more intensely cultivated lands of the
intermediate zone (Mayer 1979). It has a sub-humid and semi-frigid climate, with a very high
frequency of frosty nights. Most of the land under cultivation in this zone are located on steep
slopes (Mayer 1979).
The main crops in this zone are frost resistant bitter potatoes and barley. On a very minor
scale, oats and some Andean tubers such as olluco are grown as well (Mayer 1979). Land is in
production only one or two years in a rotation cycle of four, ten, or more years (Mayer 1979).
Thus, in vast areas of land, only a few cultivated fields scattered over the landscape are to be seen
(Mayer 1979).
Pastoralism is more important that agriculture, and the production of bitter potatoes for
chuño (freeze dried potato) is a subsidiary activity of herders (Mayer 1979). This is a very
specialized agro-ecological zone, small and marginal, considered important because chuño is
highly esteemed as a delicacy throughout the valley (Mayer 1979).

(d)

Very high (>4200m a.s.l.)

This can no longer be considered an agro-ecological zone, because the landscape is composed
of some grasslands and, in the middle and upper parts, frozen land. The very high altitudes and
weather conditions make agriculture no longer possible and, consequently, this zone was not
described by Mayer.
The population in the Achamayo watershed use these areas for pastoralism, mainly for sheep
and to a lesser extent for livestock. Although not economically important, it is worth mentioning
because it represents 57.02% of the total territory of the watershed and because predicted
increases in temperature could eventually make this area available for cultivation.
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3.4.

Climate Change in the study area

3.4.1. Main climatic hazards
The main climatic hazards in the Achamayo watershed are frosts10 and agricultural droughts
(IGP 2005c). Occurrence of agricultural frosts are registered already at temperature values equal
to or lower than 5 degrees Celcius (Trasmonte Soto et al. 2008). The determination of this
threshold is based on the sensitivity to temperature of the main crops (maize, potato, artichoke)
cultivated in the Mantaro river basin, particularly in the valley, and does not necessarily imply
freezing of the plants (Trasmonte Soto et al. 2008). Frosts are frequent in the Mantaro river basin,
usually occurring from mid/late April to August, with the lowest values during winter, especially
June and July. Many plants can be damaged or killed by freezing temperatures or frost, and the
damage depends on the type of plant and tissue exposed to the low temperatures. In extreme
cases, frost could cause mortality in animals that remain in the open (IGP 2005c).
For this study, the term agricultural drought is used to refer to “a shortage of precipitation
during the growing season that impinges on crop production or ecosystem function in general
(due to soil moisture drought)” (IPCC 2014b, p. 122). In the Achamayo, droughts that last one or
more years are rare. By contrast, veranillos (dry spells), which are periods of abnormally dry
weather occurring during the rainy season – but shorter and less severe than droughts – are
frequent (IGP 2005c). Veranillos can cause severe disruption in agricultural production and
pastoralism. This is because during wet periods, the size of herds increases and agriculture is
extended to drier areas. So, when a veranillo occurs, it interferes with those human activities that
have been extended beyond the limits of the carrying capacity of the region (IGP 2005c).
The negative effects of frosts and droughts are aggravated by the excessive parceling of
agricultural land, which prevents the adoption of technological measures to mitigate these
phenomena (IGP 2005c).

3.4.2. Climatic trends and future climate scenarios
Since 1922 the Geophysical Institute of Peru (IGP) has kept weather records of the Mantaro
river basin, where minimum and maximum temperatures as well as precipitation are measured.
Since the beginning of the records up to 2010, the IGP has identified an increase in the
maximum temperature of 0.12°C per decade. Decisive is the period under consideration. From
1922-1975 there was a decrease of the maximum temperature of -0.16 °C per decade. Between
1976 and 2010, this trend reversed and the maximum temperatures rose by 0.2 °C per decade. At
the center of the Mantaro river basin (Huayao), a maximum increase in temperature of 0.24°C per
decade was recorded between 1950-2002. On the other hand, the minimum temperature did not
have any significant tendency but was subject to large fluctuations (IGP 2005c). Similarly, Vuille
and Bradley (2000) indicate that temperature in the tropical Andes has increased by 0.10°–

10 Frost is formed when solid surfaces are cooled to below the dew point of the adjacent air (IGP 2005c).

Frost is generally present in cold and dry climates. It is frequent in high zones that have a strong daily
thermal oscillation and can display abrupt or strong air cooling especially by irradiation during the night or
at dawn (IGP 2005c).
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0.11°C/decade since 1939. Moreover, their findings show that the rate of warming has more than
tripled over the last 25 years (0.32°–0.34°C/decade).
Between the period of 1964 and 2003, rainfall in the Mantaro valley has declined on average
by 3% per decade. By looking at the spatial distribution of the analysis, different trends are
observable: while the trend of annual precipitation shows a generalized diminution of rains in the
north and central parts of the river basin, the trend is slightly positive in the western and central
south part (Silva et al. 2006).
In addition to temperature and precipitation trends, the IGP also conducted an analysis to
detect trends in the occurrence of extreme weather events over the same period of time. The
definition used for extreme weather event is all values of all meteorological variables which are
below 10% of the lowest and above 10% of the highest measured values. According to this
definition, the number of hot days rose from 10 to 36 days by 2010, which means an increase of
2.3 days per decade. In addition, the length of the heat periods extended and the temperature
difference between day and night increased by 1°C. The frequency of frost days (with Tmin ≤ 5°
C) has increased in the rainy season (September to April), with an average rate of 8 days per
decade. However, there is no clear regional tendency in frost intensities for the same period
(Trasmonte Soto et al. 2008). Although there is a general decline in precipitation, extreme
precipitation events (maximum rainfall one day a month) have increased in the months from
February to April. For the remaining months of the year the number was declining (IGP 2005c).
Using statistical downscaling, in which 12 different climatic scenarios were combined, the IGP
(2005c) predicts that average temperatures will rise by 1.3°C. Precipitation in the north will
decrease by 10%, in the center by 19% and in the south by 14%. The relative humidity is predicted
to drop by 6% during the summer months.
Although the IGP has developed other scenarios (e.g. dynamic downscaling), according to
them, this scenario is more realistic because it corresponds to the observed temperature
development of +1.24°C over the last 50 years (IGP 2005c).

3.4.3. Expected impacts of climate change on agriculture in the study
area
The INCA project estimated the future changes in the distribution of the most important crops
and tree species present in the Achamayo watershed due to predicted changes in temperature
conditions. These findings are part of the master thesis of Drechsel (2013), where the complete
description of methods and results can be found. This information is relevant to the present study
because, for the model development, a similar methodology was used for projecting future
impacts of changes in temperature conditions on the agricultural landscape of the study area.
For modeling future temperature distribution and associated land use and land cover change,
Drechsel used the information for predicted changes in temperature by the year 2050 provided
by the IGP (2005c). The expected shift in isotherms, together with information on the temperature
distribution range of selected trees and crop species, were extrapolated by Drechsel to estimate
expected shifts in their distribution. Results of this analysis is presented in Table 3-3.
The greatest expected changes in the distribution of crops in the Achamayo watershed
correspond to commercial crops: Solanum tuberosum shows an increase of 85.5% and Zea mays
55

amylacea nearly doubles its area (92.91%). The expansion of these commercial crops could
potentially increase the agriculture-related income for the local population.
Table 3-3. Estimated changes in the altitudinal limits of relevant crop and tree species in the
Achamayo watershed. Estimations were made by by Drechsel (2013), considering a 1.3° increase in
temperature by 2050.
Crop type

Current
Altitudinal
Limit
(m a.s.l.)

Solanum tuberosum (COMMERCIAL POTATO)
Solanum spec. (NATIVE POTATO)
Ullucus tuberosus (OLLUCO)
Zea mays amylacea (MAIZ)
Lolium perenne (GRASS)
Eucalyptus globulus (TREE)
Polylepis incana (TREE)

3.5.

3860
4460
4060
3740
4190
4080
4330

Estimated
future
altitudinal
limit
(m a.s.l.)
260
260
260
290
190
180
180

Area
(sq km)

Increment
in Area
(%)

51.54
183.95
79.74
38.00
100.44
82.52
139.29

85.53
74.13
75.02
92.91
43.88
48.26
45.96

Case studies

Within the study area, specific locations where selected to operationalize the methodology.
These localities have been spatially represented in Figure 3-1 and their political location and
surface area is shown in Table 3-4. In practice, all these localities follow a traditional communal
organization and will therefore be referred to as “communities”. The general socioeconomic and
environmental characteristics of the communities correspond to the already described conditions
within the Achamayo watershed while some particularities of each community will be presented
and discussed in the Chapter 5 ‘Results’ of this document.
Table 3-4. Political location and surface area of the communities involved in the study. Data sources:
PETT (2006); Vilcapoma (2008)
Area
(has)

Province

District

Name

Status

Concepcion

Santa Rosa de Ocopa

Santa Rosa de Ocopa

Community

Concepcion

Santa Rosa de Ocopa

Huanchar

Community

463
650

Concepcion

Heroinas Toledo

San Antonio

Community

1833

Concepcion
Concepcion

Heroinas Toledo
Heroinas Toledo

La Florida
San Pedro

Barrio of the distritct*
Annex of the district**

391
95

Concepcion

Heroinas Toledo

La Libertad

Community

Huancayo

Quichuay

Santiago de Marcatuna Annex of the district

692
1057

N° of
households
65
120
93
84
62
121
50

*A barrio is "an urban nucleus characterized by high levels of monetary and non-monetary poverty and a lack, totally or partially, of
infrastructure and equipment services." (MVCS 2012, p.6 in Espinoza and Fort 2017, p. 15). Complementary, an urban nucleus is "a
settlement located within an urban populated center, constituted by one or more contiguous blocks, known locally by a name
established in the process of urban growth, whose dwellings were mostly built in the same period of time and its population, and in
general, has homogeneous characteristics. "(INEI 2009 in Espinoza and Fort 2017, p. 15). Nevertheless, the author thinks that this
definition does not match the characteristics of La Florida (for instance, it is not located near any urban center). It is not unusual for
localities to adopt a political status because it has advantages in term of the allocation of public budget and the author thinks this is
the case of La Florida.
** An “Anexo” is considered a semi-disperse type of settlement, formed by a small group of adjacent dwellings (INEI, 2017, p.19)
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Chapter 4. Methods

4.1.

Overview of the research steps

The overall aim of the present research is to assess climate-related vulnerability and climate
change adaptation of farm household systems (FHS), assessing impacts on different household
groups and the agricultural landscape. For this, the proposed theoretical framework and methods
were applied in selected study sites within the Achamayo watershed in the Central Andes of Peru.
The methods used are shown in Figure 4-1. These are divided into three main methodological
units.
The first unit comprises the author’s fieldwork, which was conducted as part of the research
team of the INCA project (Section 4.2). The main objectives were the definition of the socioecological context of the study area, the perceptions of local farmers on climate change, and the
collection of qualitative and quantitative data to use as input for the analysis of (i) archetypes of
climate vulnerability to climate-related hazards, and; (ii) impacts of increased temperatures on
the FHSs and on the agricultural landscape. Given the benefits of involving the local population in
the research, as discussed earlier (Section 2.2.4), the fieldwork employed several participatory
methods that are described in Section 4.2.2.
The second methodological unit is composed of different multivariate techniques. These were
used to analyze the FHSs vulnerability to climate-related hazards and derive archetypes of climate
vulnerability. This methodology is based on archetype analysis and it uses empirical information
obtained in the previous methodological unit by means of participatory rural assessment (PRA)
tools.
The last methodological unit comprises the development of the first version of MPMAS-Andes,
a multi-agent systems model of land-use/cover change that models the adaptation of FHS of the
study area to increases in temperature conditions. The model scenarios allow the analysis of
impacts on the FHSs welfare and the agricultural landscape. MPMAS-Andes is parametrized i.a.
using the farm household archetypes identified in the second methodological unit and data
obtained during the fieldwork.
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Figure 4-1. Main research steps. Related results are specified in Italics. Numbering corresponds to
the document section in which each method / result is presented.
The methodological approach used in the present study could be defined as a mixed-method
approach. It actively combines qualitative tools from participatory rural assessment approaches,
quantitative techniques, including cluster analysis and modeling tools to answer the research
questions that shape the present work. It is also a bottom-up approach since it departs from the
FHS as the main unit of analysis and scales up findings to derive suggestions for system
improvements.
Table 4-1 provides an overview of which communities were involved in the different
methodological units of the present research. As can be observed from the table, not all
communities were part of all units. The justification for involvement (or exclusion) of specific
communities in a methodological unit is explained in this chapter, in the section corresponding to
the specific units.
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Table 4-1 Communities involved in the different steps of the present research
Field Data Collection
Communities

Households

Courtesy
meetings

PRA
Direct
Household
workshops** observation survey (n)

Multivariate
analysis

MPMAS-Andes ***
Multi-agent
systems model of
land-use/cover
change

1

Santa Rosa de Ocopa

65

x

x

38

x

2

Huanchar

120

x

x

15

x

x

3

San Antonio

93

x

x

x

17

x

x

4

La Florida

84

x

x

x

11

x

x

5

San Pedro

62

x

x

x

19

x

x

6

La Libertad

121

x

x

x

18

x

7

Santiago de Marcatuna

50

x

x

x

19

x

x

*For details on this research step and related methods and tools used please read Section 2.2 of this document
** Santa Rosa de Ocopa and Huachar, both located in the lower part of the watershed did not participate in PRA workshops since their
population were in the middle of the potato harvesting season. Nevertheless, both communities participated in the household survey
(see this Section below) so that the collection of information for the subsequent analysis was possible.

4.2.

Fieldwork

This Section describes the process of field data collection that was developed and
operationalized by the INCA project during 2011-2012, and that is relevant for the present study.
As a member of the INCA project, the author actively took part and had a leading role in the design
& development, application, processing and analysis of all the data and information generated as
part of the steps described in this Section.

4.2.1. Selection of the study area
Although it was clear that the research target was the Tropical Andes, a concrete area in this
case, a watershed, needed to be selected to focus the research on. To do this, main criteria that
were taken into account were: (1) the availability of scientific information on climatic trends and
future climate scenarios and; (2) that agriculture was one of the main economic activities.
Cooperation with key informants, mainly the INCA’s project partners: IGP11, UNALM12 and
Agrorural13, assured a multidisciplinary discussion on the best possible site. The final decision
was taken after a reconnaissance visit.
Once the watershed was selected, courtesy meetings were held with authorities from the
different districts shaping the watershed. Generally, these meetings were between members of
the INCA project and the district mayor, the district administrator or designated members of the
district councils. Based on the information gained from those meetings and the previous
knowledge of the watershed, the INCA team initiated the process of identifying specific localities
within the watershed to use as case studies. The final selection of the localities was based on (i)
accessibility, i.e. the presence of roads to access the location, and (ii) the willingness of the
population to participate in the study.
11
12
13

Instituto Geofísico del Perú, Lima, Perú
Universidad Nacional Agraria La Molina, Lima, Perú
Programa de Desarrollo Productivo Agrario, Sede Junín, Perú
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4.2.2. Participatory rural workshops
As typically occurs in rural areas of developing countries, no open access statistics and
information -in the level nor detail required for the present research were available. Due to this,
the process of field data collection was of utmost importance. It served to gather quantitative and
qualitative data to gain an understanding of the complexity of the socio-ecological system under
study and apply the research methods.
Most of the field data collection process was done by means of Participatory Rural Appraisal
(PRA) methods and tools.
With help of the INCA project partner, Agrorural14, five participatory rural workshops were
organized in four communities (see Table 4-1). Roughly three out of four of the participants were
local farmers, supplemented by academics (members of the INCA project) and local stakeholders
(e.g. local authorities and technicians of the governmental project Agrorural). Each workshop took
place within the community and lasted about half a day.
The main objective of the PRA workshops was to get information about the productive and
economic activities of the local population, the resources and adaptation strategies available to
them and perceptions about climate variability and change. Based on this information, the socioecological context of the study area was characterized (external determinants of vulnerability),
and the potential indicators of adaptive capital (internal determinants of vulnerability) and
potential indicators for agricultural loss (vulnerability outcomes) were selected.
PRA tools applied during the workshops that are relevant to the present study included:
(a) Matrix Ranking
The present study focuses on climate variability and change as the main external determinants
of FHSs’ vulnerability. To investigate the local perceptions of climatic determinants of
vulnerability in agriculture, a matrix ranking was used as main tool. Matrix ranking is a way of
structuring the perceptions and opinions of individuals or groups so that specific characteristics
can be ranked following their relevance (Keegan et al. 2016).
A practical example of a ranking matrix is presented in Table 4-2. Participants first named
climate-related factors affecting their agricultural production in a negative way. Each factor was
inserted on a grid, with the cells along and below the diagonal blanked out to ensure that questions
were not asked twice. Participants were asked to look at two items (a pair of items) of the grid at
a time and state which one was considered to cause greater damage and the responses were noted
on the grid. Those factors that were chosen most (when compared to other factors) were
considered priority problems for the informants (2011). The hazards with the higher scores in
each workshop were given the values between 1 and 3, with 3 being the hazard with the highest
score. In the example in Table 4-2, ‘excess of rainfall’ was assigned a score of 3, ‘frost’ was assigned
a score of 2 and ‘hail’ and ‘droughts (prolonged)’ were each given a score of 1. The sum of the
Agrorural is an agricultural development program of the Peruvian Ministry of Agricultural
Development, Infrastructure and Irrigation. For more information on the program visit
www.agrorural.gob.pe/ .
14
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scores of all workshops served to identify the climate-related hazards considered as priority
problems by the population studied.
The main climate-related hazards identified by the population were then compared with
available scientific information on climate-related hazards in the study area. The aim of this
comparison was to investigate whether the perceptions of the local population matched the
scientific-based information on climate-related hazards.

Table 4-2. Example of a ranking matrix as applied during the PRA workshops
Climate-related hazard

Excess
rainfall

Hail

Frost

Drought
Agricultural
Total points
(prolongued) drought

Excess rainfall
Hail
Frost
Drought (prolongued)
Agricultural drought

4
Excess
rainfall
Excess
rainfall
Excess
rainfall
Excess
rainfall

1
Frost
Drought
(prolongued
)
Hail

3
Frost
Frost

1
Drought
(prolongued)

0

(b) Community transect diagram
A community transect diagram is a tool for describing and showing the location and
distribution of resources, features, landscape, the main land uses along a given transect.
During the PRA workshops this tool was developed in groups of four to eight participants.
First, participants drew a profile of their community on the top of a board. Then, they drew vertical
lines dividing their community into sections corresponding to their traditional vision of altitude
(e.g. upper and lower parts of the community). For each of the sections, participants described the
main land cover and land uses, water availability, soil type, vegetation, main cultivated crops,
extreme weather events occurring, the main productive problems, as well as how the area had
changed in comparison to the past (15 to 20 years ago) and how they expected the future to be (in
15 to 20 years). This description and the reflections on past and future development of their
community was written down.
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Table 4-3. Main structure of the community transect diagram as applied during the PRA workshops
Name of the community:

Community trasect

Section 1

Section 2 (…)

For each zone describe:
Land use
Water
Vegetation
Main agricultural crops
Extreme weather events
Soil type
Problems in agriculture
Differences in the past
Expected changes in the future

The information obtained through the diagrams served to improve the basic knowledge of the
study site and to adjust the information on the different agro-ecological zones present in the area
as found in secondary literature (see the study results on Section 5.1). Also, the information on
how the area was in the past and the expectations on future developments served to describe the
perceptions of the local population regarding past and future trends.
(c) Agricultural and forest calendars
This is a participatory tool to explore seasonal weather and activities related to agriculture
and forestry. The main objective of developing these calendars was to have detailed information
on the agriculture and forestry productive cycles. The information was used for the
parametrization of the multi-agent systems model of land-use/cover change, MPMAS-Andes (see
Section 4.4.7).
The agricultural and forest calendars were developed as follows. A matrix was drawn on a big
sheet of paper. On the top of the x axis, the months of the year were listed. On the left-hand side of
the y axis participants listed the main cultivated crops in the community. Then they described the
weather in each month (e.g. the beginning of the rainy season, the occurrence of frost, the dry
season, etc.) and results were noted down. Then, participants filled the matrix by describing
activities conducted in each month of the year for each of the listed crops (e.g. September and
October are sowing season for potato “yungay”). The same process was conducted for trees.
(d) Production diagram
This aimed at obtaining a detailed overview of the inputs and outputs of the most economically
important crops. Participants selected two crops considered the most important ones from an
economic point of view. Then, for each crop, they discussed and agreed on the average amount of
inputs (e.g. labor, tools, machinery, and materials) and expected harvest per hectare in an average
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year. The data obtained was used for the parametrization of the multi-agent systems model of
land-use/cover change, MPMAS-Andes (see Section 4.4.7).

Figure 4-2. Example of a production diagram as developed during the PRA workshops. The picture
corresponds to the production diagram of potato yungay in the Marcatuna community.
(e) Direct observation
Random visits to farms were conducted to capture data about, for example, agricultural
practices, crop varieties and their distribution along agro-ecological zones. Field notes from these
visits served for cross-checking information acquired through other sources. Direct observation
was applied in each of the seven communities that were part of the study.

4.2.3. Household survey
A household survey was conducted in the study area to gather quantitative and qualitative
data required for the research.
Main data collected were on pre-selected indicators of adaptive capital (internal
determinants) and of vulnerability outcomes (impacts of climate-related hazards in agriculture).
The pre-selection of the mentioned indicators was made by the author in discussion with the rest
of the INCA project team. It was based on the results of the PRA workshops and it followed the
livelihood approach, considering adaptive indicators for natural, physical, financial, human and
social dimensions of an FHS. Main criteria considered were also the relevance of an indicator as
adaptive capital in the context of the study area, the accessibility of data (were respondents likely
to be able to/whiling to provide the required information?), and its applicability in different
settings (replicability).
The survey also served to collect data and information for the parametrization of the multiagent systems model of land-use/cover change, MPMAS-Andes. As part of the model data
reporting which is part of the model documentation, all sources of data are mentioned, including
data that was collected by means of the household survey (see TRACE document, Appendix A).
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The questionnaire was pre-tested in a pilot survey to detect problems that might arise during
the interviews, as well as to make adjustments in the contents, if needed. The results of the pretest were not included in the analysis.
Face-to-face interviews were conducted in the survey in homes, farm plots or during the
participatory rural workshops. Only one member per household was interviewed, commonly the
household head or his/her partner.
The survey sample included households of all selected communities within the Achamayo
watershed (see Table 4-1). The number of interviews conducted was 137, which, taking into
account a population size of 595 households, at a 95% confidence interval, provides a 7% error
margin and a response distribution (prevalence) of 50%.

4.3.

Multi-variate analysis

The multi variate analysis described in this Section was used for determining archetypes of
vulnerability of FHS to climate-related hazards. The methodology proposed integrates the
different dimensions of vulnerability as defined in the theoretical framework. To do so, we looked
at the relevant internal and external determinants that shaped the vulnerability dimensions of
FHSs of the study area. Based on the similarities and differences in these determinants, archetypes
of FHS vulnerability to climate-related hazards are identified. Finally, in a further step the
identified patterns are linked with an outcome of vulnerability in a vulnerability index, thereby
providing a bridge to vulnerability metrics.

4.3.1. Data preparation
The data on the pre-selected indicators for adaptive capital, which were collected in the
household survey, was analyzed to determine which indicators played a bigger role in
determining the vulnerability of FHSs. The first step to achieve this was the data preparation or
handling of data.
First, extreme outliers in the data set were identified by looking at boxplots of each indicator
separately. Data points beyond the outer fence of a boxplot were identified as outliers. Those data
points were winsorized, i.e. the observation was replaced by the next available less extreme
observation (Barnett and Lewis 1994).
Then, all input data was normalized (0-1) so that each indicator fell within the same range and
prevented large domains from dominating indicators with smaller domains. All indicators were
arranged so that zero (0) reflected the lowest value of adaptive capital, and thus the highest
contribution of the indicator to FHS vulnerability. This was done using the Amelia II software,
which uses a multiple-imputation algorithm for managing missing data (Honaker et al. 2011).
A similar procedure was followed to prepare data of the indicators for vulnerability outcomes.
With the only difference that, for the indicator ‘money lost’, data were first homogenized. Farmers
were asked to estimate their crop losses during the past five years, considering specific weather
events. Respondents were not always able to estimate their losses in economic terms. Therefore,
they were asked to recall those losses in terms of: (1) investment lost, (2) seed lost, and/or (3)
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estimated yield lost. As part of the data processing, all estimates were transformed to total
investment loss using current local market prices and local estimates of crop productivity.

4.3.2. Correlation analysis
After the process of data preparation was finished, we identified correlations within the data
set. To examine significant relations, a correlation matrix of all variables was. The analysis was
carried out applying standard Pearson correlations using the software environment R. This step
was done to explore the data set. It was assumed that adaptive capital indicators that are highly
correlated with each other will not be good for clustering, i.e. for differentiating the data set into
different groups. On the other hand, adaptive capital indicators that are highly correlated with
indicators for vulnerability outcomes are expected to play an important role in the definition of
FHS vulnerability to climate-related hazards.

4.3.3. Principal component analysis (PCA)
The last step in the data analysis of the adaptive capital indicators comprised a principal
component analysis (PCA). A PCA is defined as “a way of identifying patterns in data, and
expressing the data in such a way as to highlight their similarities and differences” (Smith 2002).
This is especially useful when dealing with high dimensional data, like is the case of the preselected adaptive capital indicators. The other main use of PCA is that, once you have found these
patterns, the data dimensions i.e. the number of adaptive capital indicators, can be reduced
without much loss of information.
Therefore, the PCA was applied to reduce the dimensionality of the data set prior clustering
and to “extract” the cluster structure in the data set (Jolliffe 2002). Specifically, the outcomes of
the PCA analysis served as guidance to select which adaptive capital indicators were more suitable
to be used for clustering the data set, i.e. for differentiating the sample into different classes. The
analysis was carried out using the software environment R.

4.3.4. Cluster analysis
For the present study, the aim of the cluster analysis was to differentiate typologies of FHS
based on their adaptive capital.
Cluster analysis delivers a feasible bottom-up approach to analyze vulnerability since it
categorizes the units of analysis based on recurrent similarities among them in cases where such
similarities exists (Sietz et al. 2012). In other words, clustering provides an appropriate method
of revealing typical patterns of attributes accounting for variations between the investigated units.
Importantly, clustering keeps the constituents visible throughout the analysis, so that their
contribution to the cluster-specific vulnerability remains transparent and can be evaluated (Sietz
et al. 2012).
The cluster analysis was done following a two-step cluster procedure, as described by Janssen
et al. (2012) and applied to derive typologies of farmers’ vulnerability to weather extremes in the
southern Peruvian Andes (Sietz et al. 2012) and vulnerability to global change in drylands
worldwide (Sietz et al. 2011, 2017; Kok et al. 2016). The cluster procedure was based on a
sequence of a hierarchical (hclust) and a partitioning cluster algorithm (k-means). This
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methodology was applied to the data set of the selected indicators for adaptive capital. The
analysis was undertaken using the software environment R.
First, to take potential initialization effects into consideration, two cluster partitions were
generated for a defined cluster number by stochastically initializing the hclust algorithm with a
randomly chosen sub-set of the data. The resulting two cluster partitions were then used as a
starting point for the k-means algorithm. The number of FHSs with an identical cluster allocation
in both cluster partitions was determined. The amount of overlap divided by the total number of
the sample was used to determine the consistency measure, which describes the reproducibility
of cluster partitions. This pairwise comparison was performed 200 times. Fifty repetitions of these
200 pairwise comparisons specific to each cluster number gave the standard deviation of
consistency.
For the cluster analysis, all indicators were assumed to have equal importance, thus giving all
indicators an equal weighting. The equal weighting assumption served as a first approximation,
reflecting the lack of information on the relative importance of indicators. Their relative
importance may, however, vary according to interactions between household- or location-specific
factors and feedbacks implying resilience (Sietz and Feola 2016).

4.3.5. Validation of archetypical patterns
Since the severity of vulnerability does not automatically result from the cluster analysis, a
final step in the analysis of vulnerability of FHS to climate-related hazards was necessary. This
step was the development of a vulnerability index, where the identified clusters were analyzed in
relation to vulnerability outcomes, i.e. the impacts of climate-related hazards in agriculture.
The development of a vulnerability index is useful for development planning and policy
development because it provides a measure or standard for comparing the progress of a particular
development strategy or policy. At the farm level, indexes are mostly used to compare relevant
attributes at the level of households (Sietz et al. 2012). For this concrete analysis, the vulnerability
index allows a categorization of FHSs according to their level of vulnerability, which constitutes a
bridge to vulnerability metrics.
To calculate the vulnerability index, an indicator for vulnerability outcomes was selected.
Then, the vulnerability index was calculated as a ratio of the sum of indicators per cluster and the
total money lost due to extreme weather events per cluster (Equation 1). The interpretation on
the index follows that, the lower the vulnerability index, the lower the vulnerability of a given
cluster.

𝑉 =

∑ (
(

)

(Eq.1)

)

𝑉 : Vulnerability ratio of cluster 𝑖
𝑋 : Average normalized value15 for adaptive capital indicator 𝑗 in cluster 𝑖
𝑌 : Average normalized value9 for vulnerability outcome indicator in cluster 𝑖
15

Often referred in the literature as “value at cluster center”
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Table 4-4 illustrates the application of the vulnerability index. The example shows two
clusters, each representing different archetypes of FHS, i.e. FHS with different sets of adaptive
capitals. Cluster 1 is characterized by FHS that have, on average, higher amount of agricultural
land and more irrigation available than FHS in Cluster 2. Also, Cluster 1 has on average less
economic losses in agriculture due to climate-related hazards than Cluster 2. Just by considering
this information it becomes apparent that Cluster 1 is less vulnerable to climate-related hazards
than Cluster 2: it has higher adaptive capital and less agricultural losses due to climate-related
hazards. Nevertheless, this differentiation might become challenging when comparing several
clusters, and when each cluster is characterized by several adaptive capital indicators. For such
cases, the vulnerability index provides a more direct measure of vulnerability.
Table 4-4. An example of the calculation of the vulnerability index
Cluster 1
[average]

Cluster 2
[average]

Adaptive capital indicator 1: agricultural land

0.8

0.3

Adaptive capital indicator 2: irrigation

0.9

0.2

Indicator of vulnerability outcome:
money lost in agriculture due to climate-related
hazards

0.4

0.5

Vulnerability index

0.5

3

Indicators [normalized values]

For the above presented example, the vulnerability index of Cluster 1 and Cluster 2, can be
calculated as follows:

𝑉

=

(1 − 0.8) + (1 − 0.9)
= 0.5
(1 − 0.4)

𝑉

=

(1 − 0.3) + (1 − 0.2)
=3
(1 − 0.5)

Considering that the lower the vulnerability index, the lower the vulnerability of a given
cluster, it can be concluded that Cluster 1 (V=0.5) is less vulnerable than Cluster 2 (V=3).
The calculation of the vulnerability index for the identified clusters allows a final
categorization of FHS archetypes of climate vulnerability. These archetypes are then described
and analyzed in the context of the study area, deriving recommendations for policy intervention.
The identified archetypes of climate vulnerability are also used as basis for the
characterization of the population of the study area in the analysis of adaptation to and impacts
of expected changes in the temperature conditions in the study area. This analysis constitutes the
second part of the research and the methods applied are presented in the following sections.
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4.4.

MPMAS-Andes: model description (ODD Protocol)

The probable adaptation responses of FHSs to changes in temperature conditions and related
effects on their welfare as well as on the landscape of the study area, were also investigated as
part of the present research. For this second part of the research, a first version of a multi-agent
systems model of land-use/cover change: MPMAS-Andes was developed.
The model is an attempt of improving the current understanding of the potential effects of
climate changes on agricultural landscapes and on local populations in the Tropical Andes. A main
outcome of the present research is to have a model that uses recursive-dynamic multi-agent
system of year-to-year agricultural investment and production decisions on an exemplary area of
the Tropical Andes that is suitable for the analysis of climate change adaptation.
MPMAS-Andes has been implemented using the multi-agent software package MPMAS, which
is a freeware software written in C++16. The underlying equations and software architecture of
MPMAS are only briefly summarized here as the focus lies on the specifics of the MPMAS-Andes
implementation for the study area. For a complete overview of the MPMAS software please refer
to the MPMAS manuals17. Also, the MPMAS software has been documented in Schreinemachers
and Berger (2011).
The standard adopted for the report of the model development, testing, and analysis is the
TRACE (“TRAnsparent and Comprehensive model Evaludation”) document Grimm et al. (2014).
By using this highly detailed documentation standard the author attempts to clearly document
and communicate all the above-mentioned processes. The complexity of MPMAS-Andes demands
a high degree of transparency to guarantee the model’s credibility and consequent use in decisionmaking (Schmolke et al. 2010; Grimm et al. 2014). Due to the extent of the TRACE document, it
has been incorporated in the Appendixes of the present document (see Appendix A to C).
The current Section presents the model description by using the ODD protocol18. The ODD
protocol (“Overview, Design concepts, and Details”) is a generic format and a standard structure
that is widely used for documenting agent-based models (Grimm et al. 2010). Even though the
model developed in this research is not an ABM, the ODD was useful for documentation. The
rationale of the ODD follows the standards of the ODD protocol, as described in Grimm et al.
(2006) and the updated document structure in Grimm et al. (2010).
Before starting the model description, it is worth mentioning that the model integrates the
results of the fieldwork and of the analysis of FHS vulnerability to climate-related hazards, which
correspond to the first part of this research. Because of this, some information related to the
characteristics of the study area as well as to the results of the of FHS vulnerability to climaterelated hazards is already mentioned in the ODD protocol. It is therefore advisable to first look at
the characteristics of the study area (see Chapter 3) and the results of the analysis of FHS
vulnerability to climate-related hazards (see Section 5.2.3) in order to better understand that
specific part of the model description.

The MPMAS software package can be downloaded from https://mp-mas.uni-hohenheim.de/
The MPMAS manuals for Windows and Linux (MpmasQL) are available at: https://mp-mas.unihohenheim.de/documentation.
18 The ODD Protocol corresponds to the second element of the TRACE document ‘Model description’
16
17
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4.4.1. Model purpose
MPMAS-Andes is an agro-economic multi-agent model designed to analyze alternative
response strategies of farmers of the Tropical Andes to climate change, more concretely, to
predicted changes in the suitability of land for agricultural crops due to changes in temperature.
It also aims to investigate the impacts of these strategies on the socioeconomic status of different
typologies of vulnerable farm household systems. The model is not, however, expected to provide
an accurate forecast of future development, i.e. answer a ‘how it will be?’ type of question.
Contrary, the main goal is to gain understanding of the influence of climate change and help to
explore potential feedbacks on different typologies of vulnerable farm household systems (FHSs)
and on land-use and land-cover (LULC) processes.

4.4.2. Entities, state variables, and scales
MPMAS-Andes has two main types of entities: (a) patches, replicating the landscape in which
farm households live and conduct their productive activities; and (b) farm household agents,
representing real-world farm households. The interactions and interdependences of these two
entities determine the outputs of the model. The description of the entities and main state
variables is contained in this Section. An overview of all state variables of patches and farm
household agents can be found in Appendix H.
(a) Patches: the landscape
The modeled landscape represents five real-life communities19 located in the Achamayo
watershed (see Section 3.5), equivalent to an area of 35.6 square kilometers. For simplification
purposes, they have been divided into three groups according to the elevation of their territories,
i.e. their position within the watershed: lowland community (Santa Rosa de Ocopa); middle-access
community (San Antonio; San Pedro; and La Florida); and highland community (Santiago de
Marcatuna). Figure 4-3 shows the location of the modeled communities within the Achamayo
watershed.

Two other communities (Huanchar and La Libertad) that were part of the study area were excluded
from the modeling. This is because a large part of their territories falls outside the boundaries of the
Achamayo watershed, so that not all the spatial information regarding their land use/cover was available.
19
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Figure 4-3. Classification of the communities in MPMAS-Andes
Patches or grid cells are spatially-explicit entities, with their state variables organized in layers
following a GIS-like structure, shaping the model landscape. In MPMAS-Andes patches have three
state variables (three spatial layers of patches): the landscape layer, the community layer, and the
land category layer. A brief description of each layer can be found in Table 4-5. Complementary,
Figure 4-4 shows a simplified representation of the spatially explicit layers of patches in the
model.
The ‘landscape layer’ is a basic layer that provides information on the extent of the modeled
landscape, i.e. whether a specific patch is part of the modeling landscape (in which case it has a
value of 0) or not (in which case it has a value of -1). The ‘community layer’ carries information
on the membership of the patch to a community. This way, the territory of a community is
represented in the model landscape by the encoding of multiple adjacent cells with some value
that is assigned to represent that community. In MPMAS-Andes, each patch can have the values of
zero (0), one (1), or two (2), according to whether it is part of the ‘highland, ‘middle access’, or
‘lowland’ community. Last, the ‘land category layer’ contains information on the suitability of land
for different land uses. More specifically, its suitability for conducting agriculture, livestock
raising, forestry, or to be used for settlement. Moreover, land suitable for agriculture is further
classified into agro-ecological zones, altitudinal range, and type of irrigation regime. Under the
current model parametrization, MPMAS-Andes differentiates 27 land categories as presented in
Table 4-6.
At the model initialization, some amount of land is assigned to each agent (one for its
farmstead and the rest for production purposes). The different spatial layers of patches define the
distribution (location) of the assigned land. The ‘landscape layer’ defines the limits of the modeled
landscape; The land assigned to an agent of a given community will be located only within the
boundries of that community as indicated in the ‘community layer’ (an agent of one community
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cannot have access to land in another community). Finally, the ‘land category layer’ provides the
map extents and cell values that define which cells are suitable for farmsteads and for the different
agricultural land categories.
During the model run, the spatial state variables of patches remain unchanged. As an example,
at the model initialization a specific cell in the ‘land category layer’ is assigned the category 7. This
means that the cell is suitable for agriculture, it is located in the agro-ecological zone ‘low’, in the
altitudinal range of 3400 to 3500m. asl and has irrigation in place (see Table 4-6). Those
characteristics remain constant during the simulation.
Yet some properties of the cell do change at each time step. At each time step, the land category
of a given patch defines the set of possible crops that can be grown and their yields. Types and
yields of crops can also be considered state variables of patches, even though they are specified in
the soil model (See Section 4.4.7(f)) and not directly in the “memory” of the patch. Types of crops
and crop productivity can change over the model simulation time and among scenarios.
Table 4-5. Spatial layers (state variables) of patches forming the landscape in MPMAS-Andes. The
values are defined at the model initialization, remain constant during the simulations, and are the
same for all scenarios. .
N° Layer
(state
variables of
patches)
1 Landscape
layer

2

3

Explanation

Code in
MPMASAndes

Defines which patches are part of
the modeling landscape:
- Part of the landscape
- Not part of the landscape

Community Divides the landscape into
layer
communities:
- Lowland
- Middle access
- Highland
- Not part of the landscape
Land
category
layer

0
-1

2
1
0

Classifies the suitable land into 26
agricultural land categories and 1
category for farmstead (settlement).
Agricultural land categories differ in
altitude (100m intervals), agroecological zones, and irrigation
regime and constraint the type of
crops that can be grown and related
yields (see Table 4-27)
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See Table
4-6

File in MPMAS

CatchMap00Catch.txt

CatchMap00Sector.txt

CatchMap00Soil.txt

Landscape layer
(CatchMap00Catch.txt file)
-1
0
-1
-1
-1
-1
-1
-1

0
0
0
0
-1
-1
-1
-1

0
0
-1
0
-1
0
-1
-1

-1
0
0
0
0
0
0
0

-1
-1
-1
0
0
-1
0
0

Community layer
(CatchMap00Sector.txt file)
-1
0
-1
-1
-1
-1
-1
-1

0
0
0
0
-1
-1
-1
-1

0
0
-1
1
-1
2
-1
-1

-1
1
1
1
1
2
2
2

-1
-1
-1
1
1
-1
2
2

Land category layer
(CatchMap00Soil.txt file)
-1
16
-1
-1
-1
-1
-1
-1

16
26
12
12
-1
-1
-1
-1

16
16
-1
12
-1
11
-1
-1

-1
16
12
12
12
11
11
10

-1
-1
-1
12
11
-1
10
10

Figure 4-4. Simplified representation of spatially explicit layers of patches in the model. Cells in grey
are part of the model landscape (left); define the spatial location of communities (middle) and;
defines the land categories of each cell (right).
Table 4-6. Land categories in MPMAS-Andes. Agricultural land categories differ in altitude (100m
intervals) and irrigation regime.
Land use

Agro-ecological zone
Low_0 (3150-3500 msla)

Intermediate / High_ 1
(3500-4000 masl)

Agriculture

High_2 (4000-4200 masl)
Very High_3 (4200- 4600)

Altitudinal range Irrigation
(meters)
regime
3150-3200
3200-3300
3300-3400
3400-3500
3150-3200
3200-3300
3300-3400
3400-3500
3500-3600
3600-3700
3700-3800
3800-3900
3900-4000
3500-3600
3600-3700
3700-3800
3800-3900
3900-4000
4000-4100
4100-4200
4200-4300
4300-4400
4400-4500
>4500

Forestry
Land for keeping livestock*
Settlement

rainfed
rainfed
rainfed
rainfed
irrigated
irrigated
irrigated
irrigated
rainfed
rainfed
rainfed
rainfed
rainfed
irrigated
irrigated
irrigated
irrigated
irrigated
rainfed
rainfed
rainfed
rainfed
rainfed
rainfed

Land category in
MPMAS-Andes
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

*Land for livestock is an artificial land category (not observed in real-life) which is used to
simulate that all agents have enough land to raise livestock.
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(b) Agents
All agents represent farm households, as this is the predominant form of farming enterprise
in the study area. State variables of agents can be divided into non-spatially and spatially explicit
variables. The first type includes the individual household composition, i.e. age, sex and labor
supply of each household member (Section 4.4.7(e)), household resource endowments that
include cash and assets, i.e. livestock (Section 4.4.7(c)), farm animals (Section 4.4.7(a)), perennial
crops (Section 4.4.7(b)) and machinery (tractors); and household expectations regarding future
yields (Section 4.4.7(f)) and market prices (Section 4.4.7(d)).
In the same way as patches, spatially-explicit state variables of agents are represented in a
GIS-like layer structure. The four spatial layers of agents are ‘Membership of a community,’
‘Membership of a vulnerability cluster,’ ‘Location of agents’ farmsteads,’ and ‘Location of agents’
plots’ (in Table 4-7 and Figure 4-5).
The ‘Membership of a community’ layer, as its name indicates, bears information about the
agents’ membership of one of the three communities defined as part of the model landscape:
‘lowland’ (2), ‘middle-access’ (1), or highland (0). An agent can only have membership in one
community.
The ‘Membership of a vulnerability cluster’ layer differentiates agents according to their
membership of one of five vulnerability clusters. It must be noted that agents of the same
community can belong to different vulnerability clusters. The vulnerability clusters represent
groups of farm households characterized by similar resource endowments. The information of an
agent’s membership of a cluster is used at the model initialization, during the generation of the
agent population, to define the household composition, and available resources (i.e. the nonspatially explicit state variables of the agent). The differentiation of agents into clusters was done
using the clustering results from the analysis of vulnerability of FHS of the study area to climaterelated hazards (Section 5.2).
The ‘Location of agents’ farmsteads’ layer specifies the location of each agents’ farmsteads
(farm houses), and the ‘Location of agents’ plots’ provides information on all patches that belong
to a farm household agent.
Spatially-explicit variables of agents, like layers of patches, are also created with help of the
MPMASDIST tool (Section 4.4.6(a)). Agents’ farmsteads and farm plots are distributed based on
the ‘land category layer’ of patches (Section 4.4.2(a)) that provides the map extents and cell values
that define which cells are suitable for farmsteads and for the different agricultural land
categories. While the location of agents’ farmsteads is allocated randomly, farm plots are allocated
more or less closely around the farmsteads.
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Table 4-7. Spatially explicit state variables of farm household agents in MPMAS-Andes. The values
are defined at the model initialization, remain constant during the simulations, and are the same for
all scenarios.
Nr
1

Layer
(File in MPMAS)
Membership to a community
(CatchMap00Pop.txt)

2

Membership to a vulnerability
cluster
(CatchMap00Clu.txt)

3

Location of agents’ farmsteads
(CatchMap00Farm.txt)

4

Location of agents’ plots
(CatchMap00Prop.txt)

Location of agents’
farmsteads
(CatchMap00Farm.txt)
-1 -1 -1 -1
-1 15 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
Membership to a
population
(CatchMap00Pop.txt)
-1 -1 -1 -1
-1
0 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1

Explanation
Specifies the community the
agents belong to:
- Lowland
- Middle access
- Highland
Differentiates agents
according
to their
membership to a
vulnerability cluster
Specifies the location of
each agents’ farmsteads
Specifies the location and
amount of agent's farm
plots
incl. the agent
farmstead.

-1
-1
-1
-1
-1
-1
-1
-1

Location of agents’
plots
(CatchMap00Prop.txt)
-1 -1 -1 -1
-1 15 -1 -1
-1 -1 -1 -1
-1 -1 15 15
-1 -1 -1 15
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1

-1
-1
-1
-1
-1
-1
-1
-1

-1
-1
-1
-1
-1
-1
-1
-1

Membership to a
vulnerability cluster
(CatchMap00Clu.txt)
-1 -1 -1 -1
-1
4 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1

-1
-1
-1
-1
-1
-1
-1
-1

Code in
MPMAS
2
1
0
0 to 4

Cell receives
the number
of the
agent’s ID
Cell(s)
receive(s)
the number
of the
agent’s ID

Figure 4-5. Simplified representation of spatially explicit layers of agents in the model. Top left: cell
in grey depict the spatial location of farmstead of agent “15”; Top right: cells in grey show the
location of all cells that belong to agent “15” (farmstead and farm plots); Bottom left: cell in grey
indicates the affiliation of the cell to population “0”; Bottom right: cell in grey show the affiliation of
the cell to cluster “4”.
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Spatially explicit attributes of agents are consistent with the different patch layers (‘landscape
layer’, ‘community layer’ and ‘land category layer’). So, for example, agents belonging to a specific
community will have their farmsteads assigned to cells specified as suitable for settlement in the
‘land category layer’ and within the specific community as specified in the ‘community layer’ of
patches. As an example, let us look to Figure 4-4 and Figure 4-5. All cells used to define agent state
variables are located within the patches specified as part of the model in the ‘landscape layer’; the
‘membership to a community layer’ is consistent with the community specified in the ‘community
layer’ of patches; similarly, farmsteads and farm plots in ‘Location of agents’ farmsteads layer’ and
‘Location of agents’ plots layer’ will be allocated to a land category designated for such land use in
the ‘land category layer’ of patches. MPMAS reads from these layers to transform observed
characteristics into model variables, including the inference of unobserved variables: the example
presented in Figure 4-4 and Figure 4-5 provides information on the spatial distribution and the
area of one catchment, which contains three communities and five different land categories. There
is only one agent, agent “15”, who belongs to community “0”, and to the vulnerability cluster “4”,
and owns three farm plots, all located in the land category 12.
(c) Time scale
The model has an annual resolution, i.e. each time step represents a year in the real-world. It
has been parametrized to run from 2012 to 2026, summing up a total of 15 years. Although
MPMAS-Andes proceeds at annual time steps, the decision module (MILP in the Matrix model) has
monthly constraints on labor supply. Therefore, outputs regarding labor use can be analyzed in a
monthly manner (See Section 4.4.7(a)).
Complementary, the specifics regarding how the effects of an increase in temperature are
introduced in the model at each time step is explained in Section 4.5.

4.4.3. Process overview and scheduling
In MPMAS-Andes, each farm household agent goes through a typical sequence of actions in
each cropping season (time step): based on past experience and available information, the agent
forms expectations about future conditions (prices and yields). Based on these and its knowledge
about its current situation (e.g. liquidity, assets), the agent first decides on investments into assets
(livestock, perennial crops or tractors), and then on the production plan for the coming season.
The actual physical outcomes of production are determined, and the agent decides on what to do
with the harvest, i.e. whether to use some of the output as intermediate products or sell them. The
actual economic outcome is determined, and the agent reacts to the observed outcome deciding
on withdrawals for consumption (expenditure) and whether to continue farming or leave the
agricultural sector, i.e. exit the model.
The decision on investments, production and harvest/post-harvest made by farm household
agents are represented and solved using mathematical programming, which is the core
characteristic of MPMAS. The constrained mathematical programming optimization problems,
more precisely called, mixed integer linear programming problems (MILP), are defined in a
generic mathematical programming tableau (MILP matrix) specified in the Matrix model (See
Figure 4-12). At each time step, the MILP Matrix is solved three times for each agent,
corresponding to the investment, production and harvest/post-harvest decisions. Each time,
MPMAS makes the MILP specific to the agent and type of decision problem, by changing
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coefficients and fixing solutions for certain columns in the respective standard format of the
tableau. All other sub-models or input files of MPMAS tailor the MILP matrix to each agent’s
decision (See Section 4.4.7(a) The Matrix model). Figure 4-6 summarizes the cycle of actions that
is repeated for every agent at each time step.

Figure 4-6. Cycle of agent decisions at each time step in MPMAS-Andes. Adapted from Troost
(2014a).
At the beginning of each time step the agent forms expectations about future prices and yields.
For this, MPMAS uses information on future yields and prices specified in the Soil (Section 4.4.7(f))
and in the Market models (Section 4.4.7(d)) respectively.
Based on these expected yields and prices, and on expected future resource supplies, the agent
decides on investments, which refers to the acquisition of assets such as equipment, livestock, or
the planting of trees and perennial crops, which provide returns beyond the current year. This is
done “by solving the decision problem for an expected average year of the future, i.e. solving the
MILP matrix to optimize the expected net returns averaged over the lifespan of each asset using
an annuity cost approach, while simultaneously optimizing annual production decisions”
(Schreinemachers et al. 2010). By doing so, the trade-off between short term income from current
production and long-term income from investments is captured (Schreinemachers et al., 2010, p.
527). Based on the resulting investment plan, cash and asset endowments (farm endowments) of
the agent are updated.

76

Next, the agent decides on production for the current season (current time step). This decision
is made by taking into account the agent’s actual resource supply and expected prices and yields
for the current season. During the production decision, the information from the investment plan,
is fixed, e.g. liquid means used for purchasing investments at the start of a cropping season cannot
be used in production activities throughout the season. The resulting production plan together
with information on biophysical characteristics (provided by MPMAS submodels e.g. the
Livestock, Soils, or Perennial models, see Section 4.4.7) serve to calculate the physical results,
including for instance, the productivity of the different crops and increase in weight or the herd
size of farm animals.
The decision problem is solved a third time to decide on the allocation of intermediate
products20, i.e. for deciding the proportion of production for selling and consumption as
intermediate products. For instance, in this step the agent decides the quantity of the produced
ryegrass or oats that should be sold and the quantity that will be used to feed its livestock. The
harvest decision is done including actual yields and prices.
Next, the agent decides on withdrawals for consumption which is expressed in the model as
expenditure. This is a rule-based decision and its further explained in Section 4.4.7(d). MPMAS
makes the balance for income, cash flow and debt service and increases the age of assets and
household members; assets that have reached the end of use life are removed from the list of
assets. In case of cash shortage, the agent declares bankruptcy and the farm shuts down, i.e. the
agent exits the model.
Finally, the model determines whether household members find a partner/marry, leave the
household, die, retire, or give birth. If the household head dies, the continuation of the farm
depend on the willingness of a potential successor to continue the business (Section 4.4.7(e)). In
the case of no successors available (no adult members in the agent household), the farm shuts and
the agent exits the model.

4.4.4. Design concepts
(a) Basic principles
The MPMAS software belongs to the family of models called “multi-agent systems applied to
land use/cover change” (MAS/LUCC) (see Parker et al. 2003). It has two major parts: (i) a
landscape component represented by cellular automata and; (ii) a component replicating the
decision-making of farm households represented in an agent-based way. The integration of these
components is implemented through the interactions and interdependence between the agents
and the landscape (Schreinemachers and Berger 2011).
The model rests on the traditional agricultural economics approach of representing farm
decisions as mathematical programming problems. It uses constrained optimization to find
optimal production and investment plans, while being able to consider a large number of resource
It is important to consider that in MPMAS-Andes the consumption MILP is only used for deciding
between selling or consumption of intermediate products. Therefore, the fully application of the third
MILP as part of the MPMAS advance consumption model, - which is deciding between fulfilling the agents’
consumption requirements by consuming food crops grown by the household or by purchasing food from
the market -, is not implemented. In MPMAs-Andes agents’ consumption requirements are reflected as
expenses.
20
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(e.g. availability of land and labor) and technical constraints (e.g. technology required for
planting) (Berger and Troost 2014). Furthermore, it also considers additional goals such as
consumption expenditure of the household.
The agents’ main economic objective (although not always achieved) is the maximization of
expected farm income, while ensuring liquidity and long-run survival of the farm. In MPMASAndes, the decision problem is disaggregated in a detail that allows capturing the impacts of
changes in crop productivity on the relevant decision parameters of the individual farm household
in a direct way. Since these changes are based on predicted variation in climate temperature for
the study area, it is possible to track potential impacts of changes in temperature on farm
production, income, and evaluate adaptation measures and resulting vulnerability of farmers.
As farmers neither know at planting time how much they will actually harvest at the end of
the year nor know future market prices, agents’ expectations for future yields and market prices
are also simulated. MPMAS-Andes is currently parametrized to consider that agents adapt their
yield expectations for the next simulation period using one-year foresight and that market prices
are constant over time. Because of this, the actual physical and economic outcomes of production
may not vary substantially to the expected outcome in the production plan21.
(b) Emergence
Observed total land use and crop production in the study area emerge as the sum of individual
agent decisions. Also, changes in the vulnerability patterns of agents emerge from the interaction
of agents and their environment. In MPMAS-Andes, the analysis mostly focuses on agents’
production activities, income and asset ownership, as members of different community groups
and vulnerability clusters.
(c) Adaptation
Agents respond to changes is their environment by adjusting their resource use (including
land, labor, cash, and expenditure, between others). In this research, we concretely refer to
changes in climate, by simulating changes in crop yields due to predicted changes in temperature.
As a case in point, if changes in temperature benefit the production of maize, by making it possible
to plant it in plots where the temperature did not allow it before, the agents can switch to maize
in replacement of previously planted crops.
In times of crisis (i.e. revenues fall short of meeting the minimum consumption required), a
certain proportion of the household’s expenditures can be reduced. This reflects one of the most
common coping strategies in the study area to deal with impacts on agricultural production and
food security: farm households spend less money in e.g. education, health, leisure and/or consume
less food.

Differences may arise due to investments, e.g. for perennial crops, for which agents have no knowledge
of yield fluctuations one year hence.
21
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(d) Objectives
Farm household agents conduct a variety of mutually interdependent production activities
including e.g., growing crops, farming of animals, and growing trees. The basic assumption about
the farm agent decision is that households seek to maximize their income by selecting a suitable
combination of these activities based on expectations about prices and yields and satisfying a large
set of resource constraints. At each time step, each agent decides on production alternatives,
including the production of a variety of annual and perennial crops, intercropping, livestock
raising, animal husbandry and tree planting. Additionally, agents decide on the buying and selling
of products and production inputs, allocation of labor on- or off-farm or/and hiring labor,
investments, savings, and taking out loans. The choice of activities is constrained by several
restrictions and balances including the monthly labor availability, land availability and suitability,
land rotation and fallow, liquidity, and restrictions on access to loans. In this application, these
decisions are modeled every time as constrained mixed integer linear programming problems
(MILP) for investment, production and harvest/post-harvest (see Figure 4-6).
(e) Learning
Agents have expectations on market prices for selling their products, which are the actual
simulated values from the previous year. Nevertheless, since constant market prices are assumed,
this does not trigger any learning process.
(f) Prediction
In MPMAS-Andes, agents adapt their yield expectations using one-year’s foresight. This means
agents are able to predict changes in crop yields for the upcoming year (abstracting from risk and
climate variability) but are unable to recognize trends on a larger horizon. As a consequence,
agents behave cautiously when deciding on investment on perennial crops, whose lifespan is
larger than a year.
Additionally, agents have expectations on market prices for selling their products, which are
the actual simulated values from the previous year. This assumes that prices are rather public
knowledge, so even if the agent has never grown nor sold a specific type of crop, it might still
see/inquire for the prices in e.g. the local market or at a trader. Because the market prices in the
model remain constant in time, agents behave as they would have full knowledge of past and
current market prices.
Based on expectations on yields and market prices, farm households decide on their
productive activities for the next season, i.e. they decide whether to continue with all the activities
conducted so far or change some to other more profitable options.
(g) Sensing
As explained above, under the current parametrization of MPMAS-Andes, agents have oneyear’s foresight of future yields. Note that one-year foresight means that agents have perfect
information or full knowledge of yields only for the upcoming crop season (time step). Therefore,
when making investment decisions, i.e. decision which provide returns beyond the current year,
agent’s forecasting or expectational error can deviate from zero. The agents’ expectation
formation for crop yields is further explained in Section 4.4.7(f).
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Agents also have expectations on market prices for selling their products, which are the actual
simulated values from the previous year.
(h) Interaction
Under the current parametrization of MPMAS-Andes, there is no interaction between agents.
(i) Stochasticity
Stochasticity is introduced in the model through the simulation of population dynamics.
Survival, birth rates, staying or leaving the household, finding a partner, between others, are
simulated for each household member based on age-specific probabilities specified in the
Demography model (Section 4.4.7(e)). All other submodel or model components in MPMAS-Andes
are deterministic.
(j) Collectives
As explained in Section 4.4.2(b), there are three populations represented in MPMAS-Andes:
lowland-, middle access- and highland communities. The membership of an agent to a population
corresponds one to one to the membership of a real-life farm household to a community. This
means that there are as many agents in each population as agents were reported to be in each
population in real-life.
Furthermore, agents also belong to one of five vulnerability clusters, which are groups of
agents characterized by similar resource endowments. For the definition of these clusters, the
results of the analysis of the vulnerability of FHS to climate-related hazards was used (see related
methods in Section 4.3 and results in Section 5.2.3).
These collectives are defined by the modeler and determine the initial characteristics and
resource endowments of its members. Agents do not influence the collective and there is no
interaction within or between collectives. Membership to collectives remain constant throughout
the model run.
(k) Observation
Output data is available and detailed for each agent in each simulation period. Each output
includes the agent’s updated solution, the agent current resource endowments, the production
plan, as well as a number of performance indicators (e.g. income, cash flow, equity). Additionally,
the full state of all agents is accessible and the individual courses of actions can be traced with log
and debugging tools (Troost 2014b). The analysis of the aggregated data over time informs on
changes in the performance of communities and clusters (e.g. total income per community), as
well as in the agricultural land use (e.g. changes in the overall area of agricultural land allocated
to corn).

4.4.5. Initialization
The initialization of the model is defined by the initial condition of the agent population and
their state variables (assets, household composition, land owned and expectations). The synthetic
population is generated using an initial random value, called seed. Different random seeds
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produce different populations, therefore introducing stochasticity in the model. The model
initialization differs between scenarios and repetitions for uncertainty analysis and is
consequently described in more detail in the description of simulations (see Section 4.55.3).

4.4.6. Inputs
The MPMAS software program works with a set of input files that are read and processed.
MPMAS itself is a single executable file that is run from the command line, reads a number of text
files as input and writes its output into other text files. It is hence different from many software
applications, in that the input data is not entered through specially designed graphical user
interfaces, but the user is more or less free to organize its own data (Berger and Schreinemachers
2012). The MPMAS program runs in Linux and in Windows and input files can be prepared using
Microsoft Excel (mpmas.xla) or using MySQL (mpmasql), which may run in a different operating
system and set-up. The specific set-up used for MPMAS-Andes is shown in Figure 4-7.
The model input data can be categorized as spatial and non-spatially explicit data. Spatially
explicit information on the study area is entered as an ASCII raster map and tables in text files
(top-left of the diagram). MPMASDIST, which is a part of the mpmasql toolbox and runs under
Linux, uses these input files to generate the spatially explicit inputs, i.e. spatial layers for MPMAS
in the form of ESRI ASCII raster maps. The following Section (Section 4.4.6(a)), contains the
detailed explanation of these input files and the description of the steps involved in their
generation.
Non-spatially explicit inputs are organized by modules in Excel worksheets (bottom left of the
diagram). Mpmas.xla, which is a Visual Basic Add-in for MS-Excel, is used to convert them to the
model .dat input files. The detailed explanation of the contents of these input files is contained in
the second part of this Section (Section 4.4.6(b)). The resulting files from MPMASDIST and
mpmas.xla are used as inputs for MPMAS, which is a Linux executable. The output files were
analyzed using the statistical software R.
In the rest of this Section each type of input data is explained. Complementary, a summary of
all input data is presented in Appendix H.
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Figure 4-7. MPMAS modeling set-up for the MPMAS-Andes application. Diamond shapes represent
software tools.
(a) Spatially-explicit model inputs
Spatial-explicit model inputs include, three layers (state variables) of patches and four layers
(state variables) of agents. As already presented in Section 4.4.2(a), spatial-explicit model inputs
of patches include the landscape layer (specifies the extend of the study area), the community
layer (specifies the location of communities within the study area) and the land category layer
(specifies the suitability of land for different purposes). Likewise, spatial-explicit model inputs of
agents include layers containing information on the location of each agents’ farmsteads, farm
plots, and their membership to a community and to a vulnerability cluster, respectively (see
Section 4.4.2(b)).
Generation of the Land Category Layer
The basis for generating the ‘land category layer’ and, later on, the ‘community’ and the
‘landscape’ layers, was a land-use and land-cover (LULC) map of the study area developed by
Dreschsel (2013) (see Figure 3-2). This map was created using high-resolution images from the
satellite Rapideye for 2011. It subdivides the area into different LULC classes and provides a rough
classification of the area into zones with and without vegetation. To generate the land category
layer, the LULC map had to be converted from shape file to an ASCII file first. This was done using
ArcGIS version 10, by creating a new field in the attribute table of the shape file containing the
coding for land categories. LULC classes with no relevance for the model, like rocks, or water
surfaces, were excluded. Later on, the created field was used for converting the shape file into
raster using a grid cell resolution of 10, so that each pixel represents a plot of 100 m2. The grid
cell size was chosen to match the size of the smallest farm plot of the study area. Finally, the raster
file was exported to an ASCII file. The differentiation of the irrigation regimes (rainfed and
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irrigated) in agricultural land categories was done by directly changing the values in the resulting
ASCII file, following the information on proportion of irrigated land per community as reported in
the household survey. The resulting ASCII file is the ‘land category layer’. The other two layers
were created using the MPMASDIST model as reported bellow.
Generation of all other layers using MPMASDIST
In MPMAS-Andes, the generation of spatially-explicit input files containing the layers of state
variables for agents and patches - excluding the ‘land category layer’ (see previous Section) -, is
done using MPMASDIST, which is part of the mpmasql toolbox. MPMASDIST is a flexible tool to
initialize agent populations that allows the user to sequentially build up agent populations by
combining sampling procedures and rules-based allocation (Troost 2014a)22. The methodology
assures a realistic distribution of agents according to their membership to clusters and
communities, and also of land categories and sizes within agents.
The data requirements for MPMASDIST to generate the different spatial layers is specified and
shortly explained in Table 4-8. The complete data contained in each input file can be found in the
TRACE document, Appendix A.3.7.

Table 4-8. Overview of the MPMASDIST input files used for the generation of the spatial layers in
MPMAS-Andes and their function.
Input file

Content

andes_all.dst

Instruction file for MPMASDIST

andes_agents_per_cluster.txt

Indicates the number of agents per cluster per
community to be generated. Data is based on i) the
categorization resulting from the analysis of FHS
climate-related vulnerability in the study area (see
Section 5.2.3), and ii) secondary information on the total
population of the study area*
andes_agents_tot_land.txt
Specifies the probability of having land for agents of
different vulnerability clusters. * Probabilities are based
on the results of the vulnerability cluster analysis and
results of the household survey on agricultural land per
household.
andes_soil_shares_for_vectors.txt Contains the empirical distribution of shares of different
land categories for each cluster. *
andes_qf_vectors_soil_shares.txt Specifies the relative cumulative frequency distribution
of land per cluster. * Probabilities are based on the
results of the vulnerability cluster analysis and results of
the household survey on agricultural land per household
and per land category.
ascii_andes.txt
ESRI ASCII raster map: the land category layer. See
details in Section 4.4.2(a).
* See the complete table and values in the TRACE document, Appendix A.3.7.

A full description of mpmasdist is to be found in the MpmasQL manual (Link to MpmasQL manual:
https://mp-mas.uni-hohenheim.de/documentation)
22
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The generation of all GIS-like layers took place in five steps, specified in the instruction file
‘andes_all.dst’: In a first step, MPMASDIST uses the data on number of agents per cluster per
community (andes_agents_per_cluster.txt file), to create a list of agents matching the real-life
population of the study area. As shown in Figure 4-8, a total of 349 agents specified by their
memberships to communities and clusters were created.

Figure 4-8. Resulting distribution of agents and their memberships to communities and clusters
generated by MPMASDIST. Clusters correspond to the ones identified in the analysis of FHS
vulnerability to climate-related hazards (see Section 5.2.3)
In a second step, the total amount of land, i.e. number of plots each agent owns was
determined. This was done by sampling from probability distribution functions for total land per
cluster (andes_agents_tot_land.txt input file) as shown in Figure 4-9. Since the distribution
function is an empirical function indicating only a few points or values, the sampling was done
from a distribution function obtained by cubic Hermite-spline interpolation of the original points.
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Figure 4-9. Empirical cumulative distribution functions (ECDF) for total land for vulnerability
clusters specified in the andes_agents_tot_land.txt MPMASDIST input file. Probabilities are based on
the results of the analysis of the vulnerability of FHS to climate-related hazards and results of the
household survey on agricultural land per household.
In a third step, the assigned land to agents was distributed over land categories. For this,
MPMASDIST uses the data on the relative cumulative frequency distribution of land per cluster
and the empirical distribution of shares of different land categories for each cluster, specified in
the andes_qf_vectors_soil_shares.txt and the andes_soil_shares_for_vectors.txt inputs file
respectively. The sampling is done using stepwise interpolation. Table 4-9 presents the data on
empirical distribution and vectors for the share of area of the different land categories for agents
in cluster 2 as specified in the andes_soil_shares_for_vectors.txt file. As an example, let us assume
that for a given agent a random number of 0.01 is drawn. As 0.01 falls between the segments of
cumulative distribution function (CDF) of values 0.08 and 0.17, the agents will get shares of area
in the different land categories that will fall somewhere between the values specified for these
segments. This means that the agent will have none of its land assigned to land categories 0-3, 47, 20-23 nor 25; between 20% and 30% of its total area will be assign to the categories 13 to 17;
between 60% and 70% to land categories 18-19; and between 10 and 20% to the land category
24.
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Table 4-9. Example of data contained in the andes_soil_shares_for_vectors.txt file: data on empirical
distribution and vectors for the share of area of the different land categories for agents in cluster 2.
Probabilities are based on the results of the vulnerability cluster analysis and results of the
household survey on agricultural land per household and per land category.
CDF

Vector ID
0.08
0.17
0.25
0.33
0.42
0.5
0.58
0.67
0.75
0.83
0.92
1

1
2
3
4
5
6
7
8
9
10
11
12

Share of area of the different land categories
0-3 rainfed

4-7 irrigated

9-12 rainfed

0
0
0
0
0
0
0
0
0
0
0
0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.9

0.0
0.0
0.0
0.1
0.3
0.3
0.4
0.4
0.4
0.4
0.0
0.0

13-17
18-19 rainfed 20-23 rainfed
irrigated

0.2
0.3
0.5
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0

0.6
0.7
0.3
0.6
0.0
0.2
0.4
0.4
0.4
0.3
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

soil 24

soil 25

0.2
0.1
0.1
0.2
0.7
0.5
0.2
0.2
0.2
0.3
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.1

In a fourth step, agents’ farmsteads are spatially distributed over the map, and in a fifth step,
their farm plots are allocated more or less closely around the farmsteads. In both steps, the
distribution is based on an existing suitability map (ascii_andes.txt) that provides the map extents
and whose cell values indicate which cells are suitable for farmsteads and for different land
categories. Each eligible, unoccupied plot is equally likely to become the farmstead of an agent. As
for farm plots, they are also randomly allocated, but to ensure realistic patterns of plot allocation,
the algorithm repeatedly loops over all agents, each time only attempting to allocate a part of an
agent’s land as close as possible to the agent’s farmstead or existing plots creating patterns, in
which a realistic balance between a completely scattered, random allocation of plots over the area,
and a total agglomeration of plots around the farmstead is achieved (Troost 2014a). Troost
(2014b) has described in detail the performance of the algorithm, therefore it is not repeated here.
The outcomes of these two steps are the CatchMap00Farm.txt and CatchMap00Prop.txt file, i.e.
the spatial layers specifying the location of each agents’ farmsteads and their farm plots. Once
these two layers have been created, MPMASDIST can automatically create the other MPMAS input
layers for agents and patches.
(b) Non-spatially explicit model inputs
MPMAS-Andes has eleven different excel workbooks, each of which contains one or more
worksheets that are used as inputs for the model (Table 4-10). Please notice that data
requirements vary for each MPMAS application, therefore the inputs presented here are specific
for MPMAS-Andes.
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Table 4-10. Overview of the non-spatially explicit input files used in the MPMAS-Andes application
and their function. Modified from Schreinemachers and Berger (2011)

Input files
(Excel workbooks)

Content

Function

1. Matrix

Defines the structure and coefficients of the
mathematical programming matrix

To simulate
decision making

2. Population

Defines, for each cluster in each community,
the basic characteristics of the agent
population: e.g. family members, number of
cattle, area of eucalyptus, etc.
Defines parameters for the investment objects,
parameters, such as acquisition cost or
lifespan of each investment object as well as
availability of and accessibility to investment
objects. Even though its main use is to define
networks of innovation diffusion, this specific
feature is not used under the current MPMASAndes parametrization.

Defines the initial
(non-spatially
explicit)
characteristics of
the agents

Define the changes
over time (e.g.,
human ageing,
tree
and livestock
growth, price
changes)

8. Soils

Defines the farm household and farm
succession with parameters such as
composition of the household, available labor
hours, fertility and mortality rates, etc.
Market prices of purchased inputs and farm
outputs; expected future market prices for
investment goods; and parameters for
expenditure.
Input and output of perennial crops by type
and age
Input and output of farm animals by species,
age and sex
Crop yields and exogenous yield expectations

9.
ScenarioManager

Defines the scenarios and converts Excel files
to plain text input files

10. BasicData

Contains basic parameters used in several
modules of the software (e.g. pixel size)
Defines the name and number of active sectors
per watershed and the year of the simulation
start. For other applications (not implemented
in MPMAS-Andes) it also defines the
distribution of water rights over agents.

3. Network

4. Demography

5. Market

6. Perennials
7. Livestock

11. Region
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Scenario Setup

Model parameters

MPMAS-Andes input files can be categorized based on their function:
 Decision making. The only input file that simulates the agents’ decision making, and
therefore stands at the core of MPMAS, is the Matrix.xlsx file. It contains a generic
mathematical programming tableau (MILP Matrix) that defines the farm household
decision-making problem. All other input files tailor the MILP matrix to each agent’s
decision space (Schreinemachers and Berger 2011). See Section 4.4.7(a) The Matrix
model.
 Definition of the initial agent population. The set of input files that are responsible for
defining the initial population of agents, are: the Population.xlsx file, which defines the
initial agents’ resource endowments (Section 4.4.7(g), The Population model); and the
Network.xlsx file, which defines the agents’ parameters for the investment objects,
parameters, such as acquisition cost or lifespan of each investment object as well as
availability of and accessibility to investment objects (Section 4.4.7(h), The Network
model).
 Definition of the changes over time. The set of input files that simulate dynamics over time
are: the Demography.xlsx file, which contains the information for demographic changes in
agents’ household size and composition (Section 4.4.7(e), The Demography model); the
Perennial.xlsx file, which includes data on changes in input requirements and yields of
perennial crops like trees and perennial grasslands over time (Section 4.4.7(b), the
Perennial model); the Livestock.xlsx file, which specifies data on annual growths of
animals and changes in input requirements over time (Section 4.4.7(c), the Livestock
model); the Market.xlsx file, with data on changes in market prices (Section 4.4.7(d), the
Market model); and finally, the Soil.xlsx file, with input data on changes in the productivity
of different land categories (Section 4.4.7(f), the Soils model).
Due to the complexity of the above mentioned input files, and for the purpose of rigorous
documentation and consistency with the previous reported ODD protocol for the software
package MPMAS of Schreinemachers and Berger (2011), these input files (also called model
components) are here considered as MPMAS submodels and are further described in Section 4.4.7.
 Scenario setup. The ScenarioManager.xlsx is a file that, as suggested by its name, is
used to set up scenarios and to convert the input files to ASCII format. It is therefore
not an input file per se and it is not converted into text file like all other input files.
Figure 4-10 is a screenshot showing the main information contained in
ScenarioManager.xlsx: in the top-left part of the worksheet, the name and paths to the
input files are specified; the top-right block shows the path to the MPMAS executable;
the top-left block lists all the input files and indicates the number of worksheets to be
converted into ASCII format by mpmas.xla; finally, the lower table specifies general
model parameters and switches, which can be used to turn features on or off and to
vary parameters in other input files for different simulation runs, generating one or
more scenarios simultaneously (Grovermann 2014). Parameters regulating the
population dynamic, like mortality and fertility factors, or the random seed for
initializing the agent population can be varied in this way among scenarios. The
generation of the MPMAS input text files is carried out by clicking on 'Create input files'
in the MPMAS dropdown menu.
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Figure 4-10. Screenshot of ScenarioManager.xlsx of MPMAS-Andes
 Specification of basic model parameters. There are two input files, that contain general
model parameters and switches for running MPMAS. Firstly, the BasicData.xlsx file,
contains model parameters and switches, which can be used to turn features on or off.
Most of these specifications are not exclusively related to one single input file but are
simultaneously required by more than one. For instance, the choice of consumption model
is included in BasicData.xlsx file because this information is required by both the Matrix
model and the Market model. Within the worksheet, specifications are organized in seven
categories, which are presented in Table 4-11.
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Table 4-11. Parameter categories in the basic data file and main setup for MPMAS-Andes. Adapted from Berger and Schreinemachers (2012)
Category

Explanation

Set-up in MPMAS-Andes

General parameters

Integers counting the frequency of same events.

Switches for various
submodels

Defines which consumption is implemented and specifies
the submodels that are used.

1 sub-basin (the Achamayo watershed), 3 villages and 3 communities (Highland, Middle-access and
Lowland) and five clusters per community
Use of simple consumption model (that defines the MILP problem to be solved only twice, for investment
and production decisions); The following submodels are switched on: soils, livestock, perennial, and
advance demography. It also defines the type of yield expectations which is controlled from
ScenarioManager.xlsx and which value varies among scenarios.

Soil information

Defines the size of a single grid cell in hectares and
defines which number of different land categories.

Specifies a grid cell size of 0.01 hectares and 27 land categories. These correspond to the number of land
categories specified in the gis files as well as the number of separate land constraints in the Matrix.xlsx file.

Innovation parameters

Various parameters regarding innovations, investments
and the in-built lotter of mpmas

Debugging of the
programming matrix

The most important dynamics can be switched off using
these options: (a) aging of agent household members and
assets; (b) and updating of soil fertility. In addition,
matrices can be saved by entering a matrix number.
This tells the solver how long it can maximally take to
solve a single MILP or how many iterations is can go
through.

Specifies 30 farm assets
Sets the maximum age of assets in period 0 to 20 and minimum to 0.
Sets the minimum investment in permanent crops to 0.01 ha.
Specifies the number of symbolic objects to 3 (for information on symbolic objects see Section 4.4.7(h)).
This number has to be consistent with the workbook <Network.xls> sheet <references> cellname
"Nsymbolic".
Sets liquidity reserve factor to 0.9: to avoid negative liquidity (because of rounding errors) not all liquid
means is entered on the RHS in the LP but only a proportion of the available liquidity. A proportion of 0.90
means that 10 percent of the liquidity is reserved.
Set currency units to 1: Influences only the required accuracy of the computer calculations
All switches are active (no dynamics are switched off)

Fine-tuning of the solver

Configuration of the
common random number
scheme

Sets minimum objective value to 0 (Defined in ScenarioManager.xlsx)
Specifies number of MILP problems to be saved (Defined in ScenarioManager.xlsx)
Activates fine-tuning information (value of 1)
Specifies the maximum time allowed for solving to 5.5 seconds (Defined in ScenarioManager.xlsx)
Sets maximum iterations allowed for solving to 99999999
Sets maximum number of nodes allowed for solving to 9999999
Sets solving sequence to 4. The sequencing of OSL preprocessing and solver tools used to solve decision
problems. Modes 1-3 are predefined modes, mode 4 is fully customizable and needs additional entries.
Specifies seed numbers for the random number generator Seeds for the random number generator:
42523; 62806; 35929; 36181; 30710; 66386

90

Figure 4-11 shows a screenshot of the first section of the BasicData.xlsx input file as parametrized
for MPMAS-Andes: it specifies one sub-basin (the Achamayo watershed), three villages and three
communities (Highland, Middle-access and Lowland) and five clusters per community. Sections in
grey are not used or contain default values.

Figure 4-11. Screenshot of the BasicData.xlsx file of MPMAS-Andes. Sections in grey are not used or
contain default values.
The second input file that contains basic model parameters is the Region.xlsx workbook. In this
file the name and number of active sectors, namely the Highland community (which receives the
population ID 0), the Middle access community (with the ID 1) and the Lowland community (with ID
2), are specified. It also contains the year at the simulation start and end, which for MPMAS-Andes are
2012 and 2026, respectively. It is worth mentioning that, in other MPMAS applications the Region.xlsx
file also defines the distribution of water rights over agents and therefore would be categorized
within the set of files simulating changes over time.
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4.4.7. Submodels
(a) The Matrix model (farm decision module)
The Matrix model is at the core of MPMAS. Here, farm households’ decision-making is
mathematically represented as a constraint optimization problem, more precisely a mixed integer
linear programming problem (MILP). This is formulated in a descriptive (“positive”) rather than in a
prescriptive (“normative”) way. In other words, the model routine is intended to simulate the actual
decisions of farm households rather than prescribing how individual farmers should maximize the
use of their resources (Schreinemachers and Berger 2006, 2011).
As explained in Section 4.4.3. (Process overview and scheduling), at each time step, the MILP
matrix is recursively solved for each farm household agent, simulating three types of decision
problems: investment, production and harvest/post-harvest decisions. When solving the decision
problem, agents maximize their expected household income by selecting a combination of crops, farm
animals, and off-farm labor, based on their expectations of yields and prices while simultaneously
satisfying resource constraints. Depending on the type of decision made by the agent, expectations
will correspond to long-term yields and prices (investment decision) or to yields and prices for the
current crop season (production and post-harvest decision).
The objectives, activities, and constraints of a decision problem are represented by a set of
simultaneous linear equations and inequalities that can be described as follows:

Maximize:
𝑓(𝑋) =

(Equation 2)

𝑝𝑥

Subject to:
𝑏 𝑥 ≤𝑅

(Equation 3)

𝑥 ≥0

(Equation 4)

In the above equations/inequalities set, f(X) denotes the net household income, which is a linear
function of a variety of farm and non-farm activities xi (decision variables) and their expected return
per unit pi (numerical coefficient of an objective function). The solving algorithm of MPMAS selects
values for xi that maximize net household income (Eq. 2); by taking into consideration the various
resource requirements (constraints), which are expressed as the sum products of the activities xi and
the coefficients bij being smaller or equal to the resource availability denoted by the coefficients Rj
(Eq. 3); and by making sure that negative values are impossible (Eq. 4). The technical coefficients bij
represent, for instance, the amount of food required to raise a cow of a given age per year, or the hours
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of labor per year needed to cultivate one hectare of potato crop. The right-hand side (RHS) of the
equation defines each farm household’s resource endowments, such as the total availability of land,
labor, and liquid means.
The objective function that agents maximize (Eq.2) results from subtracting the sum of all costs
from the sum of all revenue. Revenue can be created by selling goods (harvested crops, trees and farm
animals) and services (e.g. off-farm employment, animal plowing) while costs result from renting
animal plowing and/or tractors, hiring wage labor for agriculture, payment of interest on short-term
credit, land use (agricultural costs) and animal rearing costs.

Example of a linear programing problem: the Vidal farm household
Let us look at a very simple example of a linear programing problem of a hypothetical farm household of
the study area, the Vidal farm household (Table 4-12).
Table 4-12. Example of a linear programing problem: the Vidal farm household
Optimum value (nuevos soles):
Solution vector:
Price vector
(nuevos soles):
Activities:
Constraints
Land [ha]
Labor [person-days]

-3700
-1000
Grow potato Grow olluco

-40.5
Rent yunta

520
Sell potato

800
Sell olluco

LHS

sign

RHS

[ha]

[ha]

[days]

[tons]

[tons]

0.0

≤

2

1

1

0

0

0

0

≤

100

116

70

0

0

0

Yunta [days]

0.0

≤

0

6

2

-1

0

0

Potato [tons]

0.0

≤

0

-10

0

0

1

0

Olluco [tons]

0.0

≤

0

0

-8

0

0

1

Notes:
This linear programming problem has 5 activities and 5 constraints
The solution vector is marked in blue, the price vector is marked in red, while the optimum value is the product of these.
LHS stands for left-hand-side values (amounts of resources actually used) and RHS stands for right-hand-side values (resources
available)

The objective of the Vidal farm household is to maximize its income. To achieve this goal, it can conduct
agriculture and sell its production. The Vidal farm household has some resource endowments for agricultural
production: 2 hectares of agricultural land and a total of 100 person-days of labor, which is provided by family
workers during the crop season. The household has no bulls for plowing the land (yunta), therefore needs to
rent the service.
The Vidal farm household can decide between growing two types of crops, potato and olluco. Each crop
has specifications (constraints) for growing one hectare. For potato, growing 1 hectare requires 116 persondays of labor and 6 days of yunta (bulls for plowing). As for olluco, growing 1 hectare requires 70 labor-days
and 2 days of yunta. If potato is grown, at the end of the harvest season the harvest would be a maximum of
10 tons, while growing 1 hectare of olluco yields a maximum of 8 tons. (…)
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Additional agricultural costs (e.g. fertilizers, pesticides) amounts to 3700 nuevos soles per hectare
for potato and 1000 nuevos soles per hectare for olluco. The price obtained for selling one ton of potato
is 520 nuevos soles, while the price obtained for selling 1 ton of olluco is 800 nuevos soles. Also, the
price of renting a yunta is 40.5 nuevos soles per day.
To formulate the problem in mathematical terms let X1 = grow potato; X2 = grow olluco; X3 = rent
yunta; X4=sell potato; and X5 = sell olluco. Then, the algebraic version of the model becomes:
Maximize:
𝑓(𝑋) = −3700 𝑋 − 1000 𝑋 − 40.5𝑋 + 520𝑋 + 800𝑋
Subject to:
1𝑋 +
116 𝑋
6𝑋 +
1𝑋 −
1𝑋 −

1𝑋 ≤ 2
+ 70𝑋 ≤ 100
2𝑋 − 1𝑋 ≤ 0
10𝑋 ≤ 0
8𝑋 ≤ 0

And:
𝑋 ,𝑋 ,𝑋 ,𝑋 ,𝑋 ≥ 0
The solution to the Vidal farm household problem is presented in Table 4-13. Given the activities
and constraints of the decision problem, the Vidal farm household would maximize its income at 7599
nuevos soles (optimum value). This would be achieved by planting 1.4 hectares of olluco and no potato
(solution vector). For this, the farm household would occupy 1.4 hectares of its available land, would
use all its available labor (100 labor-days) and would rent 2.9 days of yunta. 11.4 tons of olluco would
be harvested and sold.
Table 4-13. Optimal solution to the Vidal farm household problem
Optimum value (nuevos soles):
7599
Solution vector:
Price vector
[nuevos soles]:
Activities:
Constraints
Land [ha]
Labor [person-days]
Yunta [days]

0

1.4

2.9

0.0

-3700
-1000
Grow potato Grow olluco

-40.5
Rent yunta

520
Sell potato

Sell olluco
[tons]

LHS

sign

RHS

[ha]

[ha]

[days]

[tons]

1.4

≤

2

1

1

0

0

100

≤

100

116

70

0

0

0.0

≤

0

6

2

-1

0

Potato [tons]

0.0

≤

0

-10

0

0

1

Olluco [tons]

0.0

≤

0

0

-8

0

0

Notes:
This linear programming problem has 5 activities and 5 constraints
The solution vector is marked in blue, the price vector is marked in red, while the optimum value is the product of these.
LHS stands for left-hand-side values (amounts of resources actually used) and RHS stands for right-hand-side values (resources
available)
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Raise farm animals

Raise livestock

-P

-P

-P

-P

-P

Right-hand-side (RHS)

Grow perennial crops

-P

Sell future outputs

Grow annual crops

-P

Transfer actvitivites

Short-term credit

-P

Make investments

Purchase production inputs

P

Hiring labor

Sell output

Activities:

Use intermediate products

In MPMAS-Andes, the decision problem for each community is represented in a generic MILP
matrix. Figure 4-12 shows a compact representation of the MILP matrix for an agent’s optimization
problem.

Solution vector
Objective function
Constraints:

Left-hand-side (LHS)

Labour

-1

A

Land

A

Investments

-A

Inputs
Outputs

Liquidity

A
1

-A

A

A

-A

-A

-A
P

-P

-P

-P

P

Land balance
Household income f(X)

A

A

-1
1

A

Sign
A

≤

R

=

R

A

≤

R

A

≤

0

≤

0

≤

0

1

Future output balance
Income

P

-A
-A

1

-P

-P

-P

-P

-P

≤

0

-1

P

P

P

P

≤

R

1

1

≤

0

A

-A

=SUMPRODUCT(solution vector; objective function)

Figure 4-12. Concise representation of MILP matrix. P - vector of market prices and costs; R - agentspecific RHS values (resource endowments); A - agent-specific technical coefficients.
For each decision, a specific MILP to the agent and type of decision problem is optimized,
transferring certain parts of the solution vector to the MILP of the next step. MPMAS does this by
changing coefficients for resource endowments, switches on and off activities and constraints, and
fixing solutions for certain columns, using data from all other files and submodels. For instance,
market prices (P) are derived from the Market model, initial resource endowments (R) come from
the Population model, technical coefficients for growing perennial crops and raising livestock come
from the Perennials and Livestock models, and the available labor at each time step is provided by
the Demogaphy model.
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The investment decision problem differs from the production and post-harvest decisions in that,
while the general structure of the MILP problem remains the same, the investment activities
mentioned below are included (Troost 2014b):
“


the coefficient in the resource constraint of the investment



the numerical coefficient of the objective function, containing the annualized cost of the
investment (debt service23 and linear depreciation on equity capital24)



the cash demand in the year of investment (the self-financed part of the purchase price),



and the average cash demand for the next years (the fixed equity25)” (p. 32).

To illustrate the recursive solving of the MILP for each agent at each time step, let’s look at the
example of ryegrass, which is a perennial crop and therefore considered in the model as an
investment. Ryegrass has no yield in the first year, so for that year no returns would be registered.
Because of this, the activity would not be selected when optimizing gross margins in the MILP: no
agent will choose to invest in perennial crops. This is overcome by separating the investment and
production decisions: During the investment decision, the optimization is done by comparing
expected future and annual returns of different resource use alternatives. The future revenues and
costs for ryegrass are considered as annuities in the coefficients of the growing activity. During the
production decision, an additional selling activity (in Figure 4-12, “sell future outputs”) adds the
annuity of the expected future returns to the objective function by multiplying the annuity of
discounted expected future yields of the crop (A) with expected future prices (P) in the function
coefficients row. The expected future returns are excluded from the calculation of the economic
results of the modeling period (see cycle of agent decisions in Figure 4-6), since they will be accounted
for in later modeling periods.
In the MILP matrix some of the variables (xi) are considered as integers; in this way, agents
purchasing or maintaining only a fraction of the assets (e.g. a fraction of a tractor or of a cow) - which
is unrealistic and distorts the expected returns resulting from the maximization problem -, is avoided.
In MPMAS-Andes, this is the case of the variables representing the following activities: purchasing
and maintaining livestock, purchasing a tractor, renting out bulls for plowing, hiring wage labor, and
temporary off-farm labor. Additionally, some of the variables in the MILP are subject to exogenous
upper bounds, i.e. the maximum values to which an activity can be selected. This serves the purpose
of simulating more realistic conditions. For example, an upper bound for off-farm labor reflects the
limited demand for wage labor in the study area. Under the current parametrization of MPMASAndes, the activities with upper bounds are temporary off-farm labor, and purchasing, maintaining,
and selling livestock.

Debt service is the payment for a loan based on constant payments and a constant interest rate.
Depreciation on equity capital is calculated by MPMAS as the purchasing price multiplied by the proportion
of the purchasing price that is self-financed and divided by the asset lifespan.
25 Fixed monthly payments of a loan
23
24
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The universe of household production, investment and harvest/post-harvest alternatives
represented in the MILP matrix correspond to the main productive strategies identified for the study
area. The decision on which alternatives to include as part of the model was taken using the
knowledge of the study area gained during the fieldwork. In the following, the details of the
implementation of the activities and constraints that shape the adaptation capacity of FHS in the
model are explained.

Production of annual crops
Types and productivity of crops are state variables of patches that can change over time. MPMASAndes differentiates between annual crops, which are plants that perform their entire life cycle within
a single year; and perennial crops, which are plants that persist for many growing seasons. This
section presents the implementation of annual crops, while the implementation of perennial crops
(including tree plantations) is explained in Section 4.4.7(b).
To produce annual crops, agents require (and are constrained by) different inputs that include
suitable land, suitable irrigation regime, labor, and cash to purchase e.g. fertilizers or hire wage labor.
Crops differentiate from each other in their input requirements, production technologies, cultivation
practice (monocropping or intercropping), growing length and planting month (see Table 4-14).
There are also differences in the amount and quality of labor, with some crops being more labor
demanding and some tasks being only conducted by a specific labor type (see ‘Labor’ within this
Section). Depending on the agro-ecological zone in which crops are grown, agents follow different
rotation cycles with different fallow periods (see ‘Rotation cycle and fallow’ within this Section). The
outputs of crop production are crop yields and stover (see Section 4.4.7(f)). Crop yields can be used
as intermediate products (to feed farm animals) or be sold at local market prices (see Section
4.4.7(d)), while stover is exclusively used for feeding livestock.
Data on annual crops – disregarding yields and market prices - is parameterized directly in the
MILP matrix. Table 4-14 shows the main crop data used for the parametrization of the MILP in
MPMAS-Andes. Information on these crops, regarding growing length, input requirement, yields and
market prices were collected during the PRA workshops, the household survey and complemented
with agricultural literature.
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Table 4-14. Data on annual crops used for the parametrization of the MILP in MPMAS-Andes
Annual crop Altitudinal
range
(m a.s.l.)

Potato
yungay
Potato
canchán
Potato
nativa
Corn
(green)
Olluco

< 4000

Irrigation
regime

Technology

Yunta
require

Tractor
require

Month for
sowing*

Grow
length

Labor

Variable
inputs

(I=irrigator
R=rainfed)

(NM=non
mechanized;
SM=semi
mechanized;
M=mechanized)**

(days
labor)

(hours)

(JanuaryDecember)

(months)

(mandays
/ha)

(soles/
ha)

Jun – Aug

9

128

3113,7

70

3011,1

I, R

SM

12

0

I, R

M

2

6

<4000

R

M

2

6

Aug – Sep

7

69

2871,1

4000-4200

R

NM

0

0

Sep – Nov

8

108

2135,0

<3500

I

M

0

9

Oct – Nov

5

41

1960,7

3500-4000

R

SM

4

0

Jun – Aug

10

66

800,3

Oats

3500-4000

R

SM

10

0

Oct – Dec

10

55

136,4

Faba bean

3500-4000

R

SM

10

0

Oct – Nov

8

49

1121,8

*Specifies the period in which planting starts, but usually, there are also land preparation activities
before.
** Refers to the technique used for tillage/plowing: NM uses manual tools, SM uses animal force
(bulls); M uses animal force and tractor.
Data source: data generated during the PRA workshops and in the household survey. Additionally,
the data was triangulated with information on production costs (unpublished data) provided by the
agency of Agrorural of the Concepción offices.
In the MILP, the cultivation of a given crop is constraint by the land category (see land categories
in Table 4-6). Each land category stands for specific land characteristics, concretely, the land use type,
altitudinal range (100 m intervals), agro-ecological zone and irrigation regime. As an example, corn
can only be grown in the agro-ecological zone “Low” (<3500m a.s.l.), on irrigated land. This
categorization allows to replicate the environmental requirements of crops based on these variables
in a detailed manner.
The area and category of land held by a farm household is assigned at the model initialization by
the MPMASDIST tool (see Section 4.4.6(a)) and is used as the land category constraint in the MILP
(coefficients yj in Eq. 3); Consequently, an agent cannot grow more of a given crop than its available
suitable land for it.
The amount and type of labor required for growing annual crops is specified per type of labor (i.e.
male, female, adult and child labor) and monthly demand (see ‘Labor’ within this Section).
Additionally, if household labor is not enough, wage labor can be hired. All other agricultural inputs
(seeds, fertilizers, pesticides, packaging, transport, etc.) were aggregated to the variable inputs row,
expressed in soles per hectare. Tillage/plowing can be done by means of traditional technology, either
using manual tools (e.g. chaki taklla) or bulls (yunta), or in a mechanized way, using tractors. The first
two are cheaper options but more labor intensive. If using bulls, agents can choose between their own
(in which case they use a special livestock category called “yunta”) or renting one. Using a tractor is
98

more expensive but saves considerable labor and is more frequently used in plain soils. Agents can
also choose to rent a tractor or to use their own, although the second option is infrequent.

Labor
In the study site, labor is the main household endowment that depends on the cropping calendar.
Within a crop season, household labor may be fully utilized only during some months, while in others,
it may be allocated to other productive activities. This is because most cropping activities are seasonal
and are confined to periods of the year when temperature and rainfall are conductive to plant growth
(Hazell and Norton 1986). As an example, Figure 4-13 shows the seasonal calendar for growing
“yungay” potato. Like in all other crops, cultural operations are performed in set sequences, leading
to distinct seasonal patterns in labor use.
Activity

J

F

M

A

M

J

J

A

S

O

N

D

labor days/
hectare

Tillage ("chacmeo")

2

Breaking ("terroneo")

22

Sowing + fertilizing

22

Weeding (achimeado") + pesticides/herbicides

20

Hilling first ("lampeo") + pesticides/herbicides

16

Hilling second ("cultivo") +
pesticides/herbicides (optional)

8

Harvesting + selection + sacking

26

Figure 4-13. Cropping and labor calendar for the “yungay” potato variety, for the main cropping season,
using animal plowing. Data source: data obtained during the PRA workshops.

MPMAS-Andes distinguishes four types of labor-age groups, reflecting differences in labor skills:
adult male, adult female, child male, and child female. The amount and type of labor available by an
agent at a given cropping season is updated by MPMAS based on information on the labor-days per
age and member category specified in the Demography model (see Section 4.4.7(e)) and is entered
into the RHS of the MILP matrix for each labor-age group. Only male labor is required for renting out
bulls for plowing (yunta), renting out a tractor, or doing off-farm labor. These activities are commonly
performed by men as reported for the study site.
The implementation of labor in the MILP is presented in Table 4-15. The model has been
parametrized so that farm households can decide, within the growing season of each crop, between
different months for sowing. The month in which sowing is conducted determines the monthly labor
requirement throughout the growing period of a crop. Therefore, by deciding in which month to sow
each crop, agents also determine the allocation of labor within a year. During months in which there
is a shortage of labor (e.g. harvesting season), this can be overcome by hiring labor. On the contrary,
if there is a surplus of labor, or if hiring prices are more profitable than on-farm activities, farm income
can be complemented by men adults going to work in other farms or doing off-farm labor. Currently,
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off-farm labor in the model is parametrized to reflect the price of an agricultural wage and it has an
upper bound to reflect the limited demand for wage labor in the study area.

Table 4-15. Implementation of labor in the MILP matrix (simplified version)
Grow

Transfer labor
child adult child adult
femal femal male male

Hire in wage labor

Sell

Jan

[...]

Dec

crop 1

crop 2

Hire out
labor

-C 2

-C 3

-C 3

-C 3

P1

P2

P3

C2
1

C3

C3

C3

crop 1

crop 2

Maximize

-C 1

Liquidity
Land agriculture
Labor child female
Labor adult female
Labor child male
Labor adult male
Labor requirement January
Labor requirement [...]
Labor requirement December
Balance crop 1

C1
1

1
1
1
Lb 1j
Lb 1[...]
Lb 1d
-Y 1

Lb 2j
Lb 2[...]
Lb 2d

Balance crop 2

1
-1/12 -1/12 -1/12 -1/12
-1/12 -1/12 -1/12 -1/12
-1/12 -1/12 -1/12 -1/12

1
-1
-1
-1
1

-Y 2

1

≤
≤
≤
≤
≤
≤
≤
≤
≤
≤

Cash
Land
Lab_f_ch
Lab_f_ad
Lab_m_ch
Lab_m_ad
0
0
0
0

≤

0

C i - production costs (nuevos soles); P i - expected market prices of this year (nuevos soles);
Land, Cash - household resource endowments; Lab_i - household endowment of labor type i (man-days);
Y i - expected yield for this year (kg); Lb ij - labor requirements of crop i in month j

Rotation cycle and fallow
In the Andes, small farmers usually manage several small plots of less than one hectare scattered
across more than one agro-ecological zone. Each year, instead of planting the same crop in every farm
plot, farmers plant different crops and/or a combination of crops (intercropping) in time and space.
In this way, they take better advantage of the different soil types and climate conditions, they
minimize the risk of crop loss and diversify production for self-consumption and market (García
2011). Fallow periods, which are part of the crop rotation cycle, are intended to recover the soil
fertility through the growth of natural pastures and weeds, which are incorporated to the soil (García
2011). The crops grown, the duration of the rotation cycle and fallow period can be characterized
according to the agro-ecological zone in which agriculture is done.
Within one farm plot, the crop rotation cycle starts as a rule with a variety of potato. This is not
only due to its market importance, but also because it is the main staple food of farm households.
Afterwards harvest, other crops are grown on the same land plot, thereby using the residual inputs
of fertilizers applied to potato (Trivelli and Smith 1997) or can be fertilized according to market
trends. In the agro-ecological zone “Low”, the cultivation of potato is followed by a second cropping
season where olluco is grown, a third with faba bean, and finally a fourth cropping season with barley
or oats, followed by two years of fallow period, summing up a rotation cycle of 6 years. Another
common rotation cycle is potato, corn and 4 years of permanent grass (e.g. ryegrass), followed by
fallow. In the agro-ecological zone “Intermediate / High”, the rotation cycle is also potato – olluco faba bean – oats/barley, but the fallow period is extended to 3 years. In the agro-ecological zone
“High” there is no rotation cycle per se, since the only crop that grows in such adverse conditions are
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some varieties of native potatoes which are planted once every six years. The rest of the time, land on
this agro-ecological zone is covered with natural grasslands and it is used as grazing area.
Table 4-16 summarizes the crop grow constraints, fallow periods and duration cycles per agroecological zones as parametrized in the model. For example, potato can be planted only every other
year in the low and intermediate agro-ecological zones. The original values for these parameters were
based on the results of the PRA workshops and adjusted during the calibration process as reported
in the TRACE document, ‘Appendix A.6.1. Parameter testing and fixing’.
Table 4-16. Crop growth constraints, fallow periods and duration of the crop rotation cycle per agroecological zone as parametrized in MPMAS-Andes.

Agro-ecological zone

Altitudinal range
(m a.s.l.)

Low

3150-3500

Intermediate / High

3500-4000

High

4000-4200

Very High

4200- 4600

Grow constraint per year (ha.)

Fallow
(ha.)

Fallow
period
(years)

Duration of a
rotation cycle
(years)

Potato

Corn

Olluco

0.5

0.45

---

0.25

1.5

6

0.5

---

0.6

0.32

1.92

6

0.45

---

---

0.5

3

6

---

---

---

1

---

---

Data source: the original values for these parameters were based on the results of the PRA workshops and
adjusted during the calibration process as reported in the TRACE document, ‘Appendix A.6.1. Parameter testing
and fixing’.

The implementation of the rotation cycle in the MILP is shown in Table 4-17. Here, crop rotation
is simulated by allowing the sawing of only a fraction of the area of each constrained crop every year
(Li), so that in average a given crop can only be planted once during a rotation cycle. In other words,
the solution provides a cropping and fallow pattern for each single year and therefore, results should
be interpreted as the average pattern to be practiced over many years (Hazell and Norton 1986).
Fallow periods vary in length according to the land categories and need to be fully used, therefore,
are implemented as equal-equal constraints. Biomass growing in the plots during the fallow periods
(Y4) as well as stover from harvesting some crops (e.g. corn and olluco) (Y3) can be used as forage for
livestock feeding.
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Table 4-17. Implementation of the rotation cycle in the MILP (simplified version)
Grow

Maximize
Labour
Liquidity
Land agriculture
Grow crop 1
Grow crop 2
Fallow
Balance crop 1
Balance crop 2

Crop 1

Crop 2

-C 1
Lb 1
C1

-C 2
Lb 2
C2

Transfer
Fallow

Land

Sell

Stover

Crop 1

Crop 2

P1

P2

1
-L 1
-L 2
-L 3

1
1
1
-Y 1

1
-Y 2

Balance stover

-Y 3

1
-Y 4

1

≤
≤

Lab
Cash

≤
≤
≤
=
≤
≤

Land
0
0
0
0
0

≤

0

C i - production costs (nuevos soles); P i - expected market prices of this year (nuevos soles);
Lb i - labor requirements (man days); Y i - expected yield for this year (kg); L i - fraction of land (hectares)
Lab, Cash, Land - household resource endowments;

Intercropping
Intercropping is the simultaneous cultivation of at least two crops in the same field (Willey 1979).
This is a common practice in the study area, usually growing faba bean and corn in the same farm
plot. Also, different varieties of potato are grown together (García 2011).
MPMAS-Andes is currently parametrized to model only the latter alternative: agents can choose
to grow the potato varieties yungay and nativa, as monoculture or intercropped. The alternative of
intercropping is implemented in the MILP by allocating 50% of the area to each crop (see Table 4-19).
Table 4-18 shows the main differences considered in the model to differentiate growing potato
varieties separately from growing intercropping. To reflect the benefits of intercropping, a 10% and
20% higher yield for yungay and nativa is respectively assumed.

Table 4-18. Differences between the inputs and outputs of potato varieties grown as monoculture vs.
intercropping.
Potato
Monocropping Intercropping
variety
Inputs
Yungay
3011,1
2991,8
(nuevos
Nativa
soles/ha)
2135,0
2991,8
Output
(kg/ha)

Yungay

12218,3

13440,1

Nativa

8000,0

9600,0

Data source: Values for monocropping correspond to the data generated during the PRA workshops and in the
household survey. Additionally, the data was triangulated with information on production costs (unpublished
data) provided by the agency of Agrorural of the Concepción offices. Values for Intercropping are estimates
developed by the author since no information on the benefit of intercropping of potato was available.
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Table 4-19. Implementation of intercropping in the MILP (simplified version)

Potato 1
Maximize
Labour
Liquidity
Land agriculture
Land intercropping crop 1
Land intercropping crop 2
Balance potato 1
Balance potato 2

Grow
Intercrop. Intercrop.
Potato 2
potato 1 potato 2

-C 1
Lb 1
C1

-C 2
Lb 2
C2

1

1

-C 3

-C 3

Lb 1

Lb 2

C3

C3

1
1
-Y 1

-Y 3

Land
intercrop
. (has)

Sell
Potato 1 Potato 2
P1

P2
≤ Lab
≤ Cash

1
-0.5
-0.5

≤ Land
= 0
= 0
≤ 0

1

-Y 2

-Y 4

1

≤

0

C i - production costs (nuevos soles); P i - expected market prices of this year (nuevos soles);
Lab, Cash - household resource endowments; Lb i - labor requirements (man days); Y i - expected yield for this year (kg)

Farm animals
MPMAS-Andes considers four types of farm animals: cattle, sheep, pigs, and guinea pigs (state
variables of agents). The parameters for the first two are specified in the Livestock model (See Section
4.4.7(c)). Pigs and guinea pigs are implemented directly in the MILP matrix using the stationary
equilibrium approach for investments of Hazell and Norton (1986), in which the characteristics of the
production are expressed in annual average terms. A main difference between the implementation of
pigs and guinea pigs is the amount of outputs. While pigs produce two marketable products, pig
weaners and finishers, guinea pigs provide only offspring, which are sold once the reach the selling
age.
Table 4-20 shows the MILP implementation of pig production. There is a maximum number of
pigs that an agent can manage at once (Pigmax). This value is entered in the MILP externally, from the
Network model. Pig production require as inputs feed (Fi), labor (Lbi) and cash (Ci) (e.g. for
supplements, medicines) as well as procurement of animals for raising and breeding respectively.
Annually, sows give birth to a number of piglets (Lt), which are raised into weaners. Agents can choose
between selling the weaners, raising them into finishers, or raising them into sows. Finishers are sold,
while breeding sows are kept for producing piglets. Additionally, instead of raising sows for breeding,
agents can purchase them. Weaners can also be bought. Data on pig and guinea pig production was
obtained from secondary literature. Please see the TRACE document for the complete list of
references.
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Table 4-20. Example of the implementation of farm animals in the MILP: pig production and selling
Maintain
Breeding sow

Raise to
Weaner Finisher Sow

Maximize

-C 1

-C 2

-C 3

-C 4

Labor

Lb 1

Lb 2

Lb 3

Lb 4

Liquidity
Pig limit

C1

C2

C3

C4

1

T1

T2

T3

Feed balance
Weaner balance
Replacement sows
Litter balance
Finisher balance

F1

F2
-1

F3
1

F4
1
-1

1/Ls
-Lt

Buy
Weaner Sow

Buy
bran

-C 5

-C 6

-C 7

C5

C6

C7

Sell
Weaner Finisher
P1

P2

-1
-1

1
-1

1
-1

1

≤

Lab

≤
≤

Cash
Pig max

≤
≤
≤
≤
≤

0
0
0
0
0

C i - production costs; P i - expected market prices of this year; Lab, Cash - household resource endowments
Pigmax - maximum number of pigs household can manage at once
Lb i - labor requirements; F i - Feed requirements; T i - duration of various stages of pig growth (in years; values between 0-1);
Ls - sow productive lifespan (in years); Lt - yearly litter size (per sow)

Short-term credit and short-term savings
Within each time period, agents can also cover variable costs with short-term credit. The main
requirement for accessing an agricultural credit, as reported by the expert interviews conducted in
the study area, is the possession of agricultural land. In MPMAS-Andes agents require having at least
1.5 hectares of agricultural land located under 4000m a.s.l. to access credit. The credit limit per
household per year is 10 000 nuevos soles. Agents can borrow money during the production decisions
and the credit is taken and repaid when updating the agents cash. The objective function then only
captures the interest rate that the agent paid for credit. The implementation of credit in the MILP
matrix is shown in Table 4-21.

Table 4-21. Implementation of short-term credit and savings in the MILP (simplified version)
Short-term
deposit
MAXIMIZE
I1
Land
Liquidity
1
Short-term credit limit
Land requirement credit
Acces credit
Account land for credit
I i - Interest; C - production costs

Short-term Access short
credit
term credit

Accounting
Land types
land for
0 -17
credit
(<4000 masl)

Costs

Sign

RHS

=
≤
≤
≤
≤
≤

Land
Cash
0
0
0
0

I2
1
-1
1
1

1
-C
1.5
-10000

-1
1
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(b) The Perennial model
Crops or trees that once planted occupy land for a certain lifespan longer than a year, are
considered perennial crops and planting them is an investment decision (Troost 2014b). For them,
parameters like productivity, production costs, and input requirements may change with age. These
changes over time are simulated by the Perennial model. In the case of MPMAS-Andes there are two
types of perennial crops: ryegrass and eucalyptus trees26. Perennial crops that are owned by agents
are state variables of agents.
In the Perennial model, there is a different entry for each type of perennial crop growing on a
specific land category and with specific management requirements. So, for instance, ryegrass can be
grown in five different land categories and, in each of them, agents can choose between managing the
farm plot or, in case of e.g. liquidity constraints, leave it temporarily or permanently idle. To account
for these specifications, the Perennial model contains 10 different entries for ryegrass. Each entry
specifies annual parameters of yield, pre-harvest costs (e.g. purchasing of pesticides and herbicides),
harvest costs, and total labor throughout the crop’s lifespan. Additionally, each entry provides
specifications on the lifespan and implementation costs of one crop unit (one hectare). For the
perennial crops in MPMAS-Andes, no harvest costs were specified, since all costs are part of the preharvest costs: typically, eucalyptus is sold as ‘standing tree’ and therefore the harvesting costs are
assumed by the buyer. Likewise, ryegrass is assumed to be sold at farm gate. Furthermore, the
machinery requirement was set to zero, since here is no requirement of machinery for perennial
cropping activities. An example of an entry for ryegrass in shown in Table 4-22.
The Perennial model allows alternating different management methods of a perennial crop. In
this way, during the decision-making process agents can switch from one management method to
another. This feature guarantees that, after an investment in a perennial crop has been made,
adjustments are still possible for agents in each simulation period. This reflects the strategy of
adapting the utilization of inputs to the resource pool available to the farm household and it is
commonly used in the study area: in a year were cash is available, farm households will tend to use a
higher level of inputs (e.g. herbicides, fertilizers); on the other hand, if cash is a constraint, they will
choose to temporarily suspend the management activities or use more labor-intensive management
methods (e.g. less use of herbicides is compensated with the manual removal of weed). Currently this
feature is parameterized for ryegrass: agents can choose between the usual crop management or
leaving the land idle, in which case they don’t get any harvest on that given time step (cropping
season). For Eucalyptus plantations, only an average management method is considered. This is
because the management regime (characterized by low inputs) for Eucalyptus is rather homogeneous
in the study area.
Table 4-22 shows an example of the data entry for ryegrass in the land category 13 (between 3500
and 3600 m a.s.l.; irrigated land). Under the management option “normal”, ryegrass starts producing
in the second year, with its yield reaching a peak in the third cultivation year. After the fifth year the
production stops and is followed by a fallow period. Under the management option “low”, there are

The model considers only eucalyptus trees owned by farm households. Communal plantations are not
included in the model.
26
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no inputs but also no yield. As argued before, the “low” management does not represent a permanent
status, but rather a temporary one to overcome a “hard” period in which a lack of liquidity doesn’t
allow an agent to maintain its investment. In practical terms, this means that for instance an agent
could have two years of “normal” management, followed by one year of “low” management (where
no production takes place), and then go back to “average management for the rest of the production
cycle.
Table 4-22. Example of the data entry of perennial crops used in the parametrization of MPMAS-Andes.
The data presented corresponds to parameters for ryegrass grown in the land category 13 (3500-3600
m a.s.l.; irrigated land).
Ryegrass
Land category
Purchasing price [nuevos soles]
Life span [years]

13
927
6

Type of management: normal
Year
Yield [kg fresh matter*/ ha/year]
Costs
Labour requirement

0
0.0
84.5
30.0

1
8778.9
513.1
36.0

2
10378.6
513.1
32.0

3
9461.5
513.1
32.0

4
8295.0
513.1
32.0

5
0.0
0.0
0.0

Type of management: low
Year
Yield [kg fresh matter*/ ha/year]
Costs
Labour requirement

0
0.0
0.0
0.0

1
0.0
0.0
0.0

2
0.0
0.0
0.0

3
0.0
0.0
0.0

4
0.0
0.0
0.0

5
0.0
0.0
0.0

Data source: data generated during the PRA workshops and in the household survey and information on
production costs (unpublished data) provided by the agency of Agrorural of the Concepción office.

The most important parameters specified in the model for the perennial cropping activities is
summarized in Table 4-23. Not all parameters are specified in the Perennial model: the acquisition
costs and lifespan are defined in both, the Network (see Section 4.4.7(h)) and the Perennial models;
the prices for selling outputs are specified in the Market model (see Section 4.4.7(d)); the potential
yields in the Soil model (see Section 4.4.7(f)) and; labor and cash costs in the Perennial model.
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Table 4-23. Data of perennial crops used in the parametrization of MPMAS-Andes. Information is
presented according to land categories (LC) in which crops can be grown.
Type of
perennial
crop

Eucalyptus

Ryegrass

Land
Management
Acquisition
Lifespan
category
method
cost

24
18
12
11
10
9
8
13

normal

normal

[Years]

[nuevos
soles/ ha]

26
23
23
21

907

21
21
21
6

927

Selling price

low

6

927

Average
Labor

Average Costs

[mandays/
ha/ year]

[nuevos
soles/ha/year]

23
26
26
29

11.7
12.6
12.6
13.3

25.40
28.7
28.7
31.4

29
29
29
6123.4
6123.4
6123.4

13.3
13.3
13.3
24.8

31.4
31.4
31.4
334.1

24.8
24.8
24.8

334.1
334.1
334.1

24.8
0.0
0.0
0.0
0.0
0.0

334.1
0.0
0.0
0.0
0.0
0.0

eucalyptus: [nuevos soles / tree]
eucalyptus: [standing trees/ha/year]
ryegrass: [nuevos soles/kg dry matter] ryegrass [kg fresh matter*/ ha/year]
12

0.12

7
6
5
4
13
7
6
5
4

Average crop yield

0.12

6123.4
6123.4
0.0
0.0
0.0
0.0
0.0

*16% of DM

Data source: data generated during the PRA workshops and in the household survey. Additionally, the data was
triangulated with information on production costs (unpublished data) provided by the agency of Agrorural of
the Concepción office. Differences among the values for eucalyptus in the different land categories is a result of
joined discussion with the Agrorural technical team and reflects the trade-off between land quality and length
of the production cycle.

The implementation of the decision problem for production and selling of perennial crops in the
MILP is presented in Table 4-24 for ryegrass. Coefficients for the corresponding labor (Li,y), and cash
(Ci,y) requirements of a ryegrass plantation of defined characteristics (age, land category, and
management practice) are entered into their respective balance rows of the agent’s MILP. Similarly,
the expected yields (Yi,y) in the current year enters the balance row for selling ryegrass. If during the
investment decision, the agent invests in a perennial crop, MPMAS adds this asset to the household’s
endowments. A perennial crop permanently occupies a land plot on which it is planted, therefore,
MPMAS reserves land parcels under perennial crops for the duration of their lifespan. In this way, it
is also made sure that the agent keeps the land fallow for one year after the production of ryegrass is
finished. Eucalyptus plantations don’t have a fallow period.
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Table 4-24. Example of the implementation of perennial crops in the MILP: ryegrass production and
selling. The MILP has been simplified to consider only two land categories. Adapted from Latynskiy
(2013)
Grow ryegrass

Switch management

Sell

LC6

LC7 Method
A

LC7 Method
B

LC7
Method
A to B

LC7
Method
B to A

Ryegrass
dry

Ryegrass
future

Maximize

-C 1,y

-C 2,y

-C 3,y

-C 3,y

-C 2,y

P

Pf

Liquidity

C 1,y

C 2,y

C 3,y

C 3,y

C 2,y

≤

Cash

Labour

L 1,y

L 2,y

L 3,y

L 3,y

L 2,y

≤

Labor

≤

Land 6

≤

Land 7

=

C_LC 6

≤

C_LC 7 _A

Land category (LC) 6

1

Land category (LC) 7
Rye grass LC6

1

1

1

1

1

Rye grass LC7 - method A

1

Rye grass LC7 - method B

1
1

1

Balance ryegrass

-Y 1,y

-Y 2,y

-Y 3,y

-Y 3,y

-Y 2,y

Balance ryegrass fut.

-Yf 1

-Yf 2

-Yf 3

-Yf 3

-Yf 2

1*DM
1*DM

Sign RHS

≤

C_LC 7 _B

≤

0

≤

0

C i,y - input and production costs for year y; P - expected market price of this year; Pf - expected market price of future years
L i,y - labor requirement for year y; Cash, Labor - household resource endowments; Land i - Endowment of land category y
C_LCi_ j - size of the perennial plot of land category i and management practice j; DM - dry matter coefficient
Y i,y - expected yield of coffee for year y ; Y fi - annuity of expected yields of the remaining years of ryegrass
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(c) The Livestock model
In the model livestock are defined as durable farm animals, i.e. farm animals that are kept in the
farm over several years and are state variables of agents. The Livestock model contains a detailed,
individual based representation of livestock production including simulation of offspring and aging,
and use of livestock as a liquidity reserve, which is especially useful to represent small-holder
decision making in developing countries (Troost 2014b). The type of livestock implemented in
MPMAS-Andes include sheep, cattle and a special type of cattle which can be used for plowing
(“yunta”).
In the Livestock model, each type of animal has two entries, one for male and one for female
livestock (e.g. cows and bulls). Each entry contains data on the purchase age, price and life span of the
specific animal type. Additionally, the parameters for feed, labor, land and cash requirements, are
specified in each entry for each year of the animal’s lifespan. Similarly, animal products and the
amount of weight gained by each type of animal are specified in an annual manner. In the model, all
female livestock provide offspring; cows produce milk; sheep and rams produce wool; bulls (“yunta”
type) can be used for plowing. The parameter values for the production of livestock were estimated
from the household survey (2011) and data from secondary literature. In MPMAS-Andes there is no
land requirement for livestock since this is not a constraint in the study area. To simulate this, each
agent is assigned with enough area of land category 25 (which is specific for livestock) and the land
requirement for all animals is set to close to zero.
Table 4-25 shows the implementation of production and selling of cows in the MILP matrix. It has
been simplified to consider a life span of only two years. The values specified in the Livestock model
for feed (Fi), labor (Lbi), and land requirements are linked to their own balances in the MILP matrix.
All other inputs (e.g. supplements, veterinary care) are aggregated as cash requirements and are
multiplied by prices and aggregated to direct costs that enter the MILP as the objective function
coefficient (Ci) of the corresponding animal production activity. To satisfy the feed requirements of
their livestock (Fi), agents can use stover (from harvested crops and fallow land), buy fodder, or
produce fodder (ryegrass). Both, male and female animals, can be sold as meat. The amount of weight
annually gained by each type of farm animal (Mti) is entered into the MILP balance row for selling
animals for slaughter. Other livestock products are implemented in a similar way. Last but not least,
cows provide offspring (Oi), which can be sold as meat or kept and therefore contribute to increase
the herd size. The herd can also increase by agents deciding to invest in new units during the
investment-decision stage in the MILP matrix.
The activities for investing, keeping, or selling livestock units are integers and have an upper
bound. Integers avoid agents selling/purchasing a fraction of an animal, which would be unrealistic,
and the upper bounds keep them from maintaining unrealistic herd sizes. The decision of investing,
keeping, or selling is made by considering the expected prices of meat (Mtf), offspring (Of), and other
products (e.g. milk (MKf) for an average year in the future. This makes sure that agent decisionmaking takes into account the future return of livestock. The implementation follows the same
principles as for perennial crops (see Section 4.4.7(b)).
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Table 4-25. Cattle production and selling as implemented in the MILP. Adapted from Latynskiy (2013)
Sell cow
Maintai
n cow

Start
age 0

End
age 0

Maximize

-C 1

-C 2

Liquidity

C1

C2

Labour
Land
Feed balance

Lb 1

Lb 2

Meat balance
Future meat bal.
Milk Balance
Future milk bal.
Offspring balance
Future offspring bal.
Livestock total
Livestock age 0

F1

Start,
age 1

-Mt *P 1

End
age 1

Buy
Grow
fodder pasture

Meat

Milk

P1

P2

Offspring

Milk
future

Pf 1

Pf 2

Offspring
Sign
future

-C 5

C4

C5

≤

Cash

-1

Lb 4
1
-Y 1

≤
≤
≤

Labor
Land
0

≤
≤
≤
≤
≤
≤
≤

0
0
0
0
0
0
Cowtot

≤

Cow0

=

Cow1

-Y 2

-Mt 2

1
1

-Mk 1

-Mk 2

-O 1

-O 2

1

-Mkf

1
W
W
1

1

1

1

Livestock age 1

RHS

-C 4

-Mtf

-Of
1

Meat
future

C3

F3
-Mt 1

Stover

-C 3
Lb 3

F2
-Mt 1

Sell

1

1

1

1

C i - input and production costs; P i - expected market prices of this year; Pfi - expected market price of future years; Cash, Labor, Land - household resource endowments
Lb i - labor requirements; F i - Feed requirements; Y i - Stover yield; Mti, Mki, Oi - meat, milk, offspring outputs of the livestock production; W - offspring liveweight
Mtf, Mkf, Of - annuity of the meat, milk, offspring outputs of the remaining years of the livestock unit

(d) The Market model
Market data and agents’ consumption expenditure for each simulation period is specified in a
separate model called Market. In the MILP, agents interact with good markets by selling or buying
them. All prices for buying (e.g. hired labor, fodder) and selling goods are exogenously specified in
the market model. This data is inserted by MPMAS into the objective function vector in the MILP
matrix and, together with the solution vector, determines the optimal solution for each agent. The
goods balances ensure that the farm household cannot sell or use more of a good than it produced or
bought itself.
The Market model also contains parameters for special types of prices called ‘future prices’. These
are average prices for the products of investments, in this case of livestock and perennial crops.
Products like wool, milk and offspring are generally not produced (and therefore cannot be sold) in
the same year of investment. To take into account future returns from these products during the
investment and production stages of agents’ decision-making, the future prices are used together with
information on expected future yields or products. Future returns from investments are considered
only for decision-making but do not add to the current revenues. Further details concerning future
selling activities can be found in Sections 4.4.3 and 4.4.7(d) of this document.
Empirical observations on farmgate market prices were used to parameterize the model, and
some values were adjusted during the calibration process as reported in the TRACE document,
‘Appendix A.6.1. Parameter testing and fixing’. Table 4-26 shows the final values used. Due to the
rather limited size of the study area compared to the overall agricultural area in the Mantaro valley,
the production output of the modeled population is assumed not to affect price formation. Farmgate
prices at which agents sell their harvest are thus independent of the harvested amount of a particular
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crop. Furthermore, since no major trends related to prices in the next years (inputs and output prices
might slightly increase) are expected, constant market data was assumed. In MPMAS-Andes, the
agents’ expectations on market prices for selling their products are the actual simulated values from
the previous year.

Table 4-26. Selling and buying prices used in MPMAS-Andes. Data corresponds to farm-gate prices in
2011 as reported by respondents of the household survey.
Good for selling/renting
popato yungay
potato canchan
potato nativa
corn (green)
olluco
oats (dry)
faba bean
eucaliptus
ryegrass (dry)
livestock, meat
livestock, milk
livestock, "yunta" (for rent)
livestock, offspring
sheep, meat
sheep, offspring
sheep, wool
guinea pig
pig, finisher
pig, weaner

unit
kg
kg
kg
kg
kg
kg
kg
tree
kg
kg
l
day
unit
kg
kg
kg
unit
unit
unit

Price
0.52
0.50
0.53
0.80
0.85
0.10
1.68
12.00
0.12
2.40
1.00
40.00
2.40
5.20
5.20
2.20
12.00
345.00
80.50

Good for buying
guinea pig
pig, weaner (3 months)
pig, sow (12 months)
fodder
bran
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unit
unit
unit
kg
kg
kg

Price
7.00
80.50
400.00
0.28
0.60

The agents’ consumption expenditure (CE) is also handled by the Market model. As explained in
Section 4.4.3, during investment, production and harvesting decisions, agents maximize their income
f(X) without taking into account the consumption needs of the household. Once the agent’s economic
outcome for the current time step has being calculated, a proportion of the revenues is consumed
while the remaining cash enters the next period as savings and is added to the right-hand side of the
capital constraint. The proportion of the revenues allocated to consumption is determined by the
'extra consumption' (Cec), and the 'foregone consumption' (Cf) entries in the Market model in
connection with the ‘minimum consumption’ (Cmc) and actual household composition determined in
the Demography model (See Section 4.4.7(e)).
The minimum consumption (Cmc) is the sum of the minimum consumption requirements of all
family members within the agent household at a given time step. The member-specific consumption
requirement is calculated based on the sex and age of each family member and the value required to
cover the basic food basket (nuevos soles/ person/day) corresponding to the extreme poverty line of
the rural population of the “sierra” of Peru as specified in official country statistics27.
The 'extra consumption' (Cec) is a parameter that specifies that, if available, additional money
should be allocated to consumption. This is intended to simulate the fact that, in “good” years, farm
households allocate more money to expenditure (e.g. leisure activities, more expensive food). It is
expressed as a proportion of each additional monetary unit consumed. If set to zero, there is no extra
consumption and, if set to one, the agent would spend all its money and keep no savings. In MPMASAndes this parameter is set to zero, since the majority of the farmers of the study area are considered
as extremely poor. Put differently, by setting the extra consumption different than zero, too many
agents would go bankrupted.
The 'foregone consumption' (Cf) specifies that in case of crisis (i.e., revenues fall short of meeting
the minimum consumption required), the minimum consumption is to be reduced by a certain
proportion. This aims to reflect the adaptation strategy of farm households of reducing their own
consumption during periods of hardship. In MPMAS a foregone consumption of 0 stands for full
reduction, i.e. the agent has no consumption at all. Consequently, a value of 1 means no reduction of
the minimum consumption. In MPMAS-Andes, this parameter is set to 0.5 for all three modeled
populations.

Extreme poverty line considers 140 soles/person/year, which are official values for rural areas in the
peruvian “sierra” in 2010 (INEI – Encuesta Nacional de Hogares 2001-2010).
27
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Given the above considerations, the consumption expenditure for each agent at each time step is
calculated by the following rules:

If f(X) > Cmc + C > Cmc

→

CE = Cmc + Cec * (C - Cmc)

If f(X) ≤ Cmc + C > Cmc

→

CE = Cmc

If f(X) ≤ Cmc + C ≤ Cmc

→

CE = Cmc * Cf

Were:
f(X)
C
Cmc
CE
Cec
Cf

: income
: cash reserves (nuevos soles); [ x ≥ 0 ]
: Minimum consumption; is the sum of the minimum consumption requirements of all
family members within the agent household at a given time step (nuevos soles); [ x ≥ 0 ]
: consumption expenditure (nuevos soles)
: extra consumption; proportion of each additional monetary unit consumed;
range [ 0 ≤ x ≤ 1]
: foregone consumption; specifies that in case of crisis (i.e., revenues fall short of meeting
the minimum consumption required), the minimum consumption is to be reduced by a
certain proportion; range [ 0 <= x <= 1]

If the income is greater than the sum of the minimum consumption (Cmc) and the available cash
reserves (C) and these are greater than the minimum consumption alone, then the agent’s
consumption expenditure for the current time step will be the minimum consumption. This is because
in MPMAS the extra consumption (Cec) is zero.
If the income is less than the sum of the minimum consumption (Cmc) and the available cash
reserves (C) but these are greater than the minimum consumption, then the agent’s consumption
expenditure for the current time step will be the minimum consumption.
Last, if the agent’s income is less or equal than the sum of the minimum consumption (Cmc) and
the available cash reserves (C) and these would also be less than the minimum consumption (Cmc)
alone, then the agent’s consumption is determined by multiplying the minimum consumption by the
foregone consumption.
In the last two scenarios, certain share of minimum consumption is consumed even if income does
not suffice to cover it. To do this, cash is taken from the agent farm cash reserves. If no enough cash
is available, the agent declares bankruptcy and exists the model.
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(e) The Demography model
MPMAS-Andes uses the Advanced Demography model, which simulates the population dynamics
of household agents. Each farm household agent in the model consists of at least one male or female
household head, the farm manager. Further, it may comprise the farm manager’s spouse, their
children and in some cases the spouses of the children, and in some cases also siblings of the
household head (Troost 2014a). The household members are categorized in four different types also
called "courses of life": unskilled female members; unskilled male members; female household head
(or spouse of the household head); and male household head. At each time step, the model updates
the age of individual household members, updates the agent household composition, recalculates the
labor supply and calculates the consumption expenditure.
Agent household members exit the household by leaving it voluntarily or by dying. The
probability of leaving the household voluntarily (e.g. to form a new household) exists between the
ages of 14 and 25 for females and between 15 and 25 for males, with the exception of the household
head. This reflects the fact that some children leave the community e.g. to work in the cities or live
somewhere else (permanent migration). The yearly probability of dying varies according to age and
type of household member, and its value becomes 1 for all individuals at the age of 91. The probability
of dying of different household members was calculated based on abridged life tables for the years
2000-2005 for Peru (from CEPAL 2010) and validated with estimated life expectancy for the Junin
Region (from INEI 2010a). If the agent household head dies (exists the household), one member of
the household becomes the new household head and stays in the household. Young males, older than
17 years old have a higher priority for becoming household head, followed by young female members
older than 20 years old.
If by the age of 26 a household member has not left the household, then it gets a positive
probability of getting married, which implies that the spouse will enter the household, therefore
increasing the household size. This simulates the fact that some family members continue doing
farming and, even though in real life they might not live in the same household, they might still share
with the household head important assets like land. Each household member of each sex, - between
26 and 45 years old for females and between 26 and 59 years old for males-, have a probability of
finding a partner or marrying. These parameters were calculated from data given in INEI (2009,
2010b) for age of the first consensual union per sex. New household members enter the agent
household also by birth. All female household members between the age of 15 to 50 have a positive
probability of giving birth. The estimation of the age-specific fertility rates was based on information
from the national census of population and housing 2007 (INEI 2007). Fertility rates were estimated
from the relation between the total number of live births and the total number of women in
childbearing age in rural areas of the Junin Region. The probabilities of giving birth, dying, leaving the
household or finding a partner/marrying as specified in the Demography model are presented in
Figure 4-14.
In traditional agriculture like the one found in the study site, farm production is highly determined
by the number of people working on the land together with the quality and quantity of land available.
In the model, the amount of labor days per type of family member per year vary according to age and
young family members (< 9 years old) and the elderly (> 84 years old) don’t work. Labor supply per
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age and sex group was calculated from data of INEI (2010c) on average working hours per year for
rural areas of Peru with the percentage of total hours allocated to work per age and sex group.
As explained in the previous section, all agent household members have a minimum consumption
expenditure, which is age and gender specific. The minimum consumption expenditure together with
the consumption parameters in the Market model and the actual household composition of the
household determine the proportion of the revenues allocated to consumption. The available labor
and the minimum consumption requirements per age-group are presented in Figure 4-15.
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Figure 4-14. Model parametrization: probability of giving birth (only women), calculated based on the
fertility rate per age group between 1995 and 2000 for rural areas of Peru as reported in INEI (2001);
probability of dying, calculated based on mortality probabilities per age-group for Peru (CEPAL 2010),
91 is the oldest age consider in the model, so after this age the agent member dies; Probability of finding
partner and complementary probability of leaving the household, calculated based on the median age
at first marriage for men and women per age group in Peru as reported in INEI (2009, 2010). INEI
reports that, while a percentage of female remain unmarried, all men find a partner before age 60.
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Figure 4-15. Model parametrization: labor days for different household member categories, calculated
based on data on activity rate for rural areas of less industrialized countries (from CELADE cited in
Sánchez Aguilar (2011)) and data on time allocated to productive activities in agriculture in Peru
(obtained from Díaz et al. (2010)); and minimum consumption for different household member
categories, calculated based on data on the average energy requirement per person for rural areas of
the Peruvian Andes (INEI 2011); the value of soles per person per year corresponding to the extreme
poverty line, and the estimated energy requirement per sex at each age (which was calculated using
data from Cepal (2000) on average energy requirement per age group in Peru).
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(f) The Soil model
In the MILP, there is a cropping activity for every combination of crop, production technology,
sowing month, and land category (See land categories, Table 4-6). Each of these activities is related
to a specific crop yield. Moreover, some activities also produce residue or stover yields, which can be
used for livestock feeding (see the Livestock model, Table 4-25). During the production MILP (see
decision-making cycle, Figure 4-6), agents choose to produce crops based on i.a., their expectations
for yields for the current cropping season. Following, the expected yields in the resulting agent
solution of the production MILP are replaced by actual yields to calculate the actual physical results.
Both, agents’ yield expectations and actual yields for every cropping activity in each land category
and every time step are specified in the Soil model. The parameters for the formation of agents’
expectations for crops not grown simulates agents have one-year foresight. In other words, it is
assumed agents are able to foresee changes in crop yields for the upcoming year while abstracting
from risk and climate variability. Nevertheless, they fail to recognize trends for a longer time horizon,
leading to a cautious behavior when deciding on investment on perennial crops, which lifespan is
larger than a year.
Yields include values for a business-as-usual scenario as well as three additional set of yields for
three different climate scenarios. All values are specified in a look-up table and not directly modeled.
While the use of state-of-the-art biophysical models could have added accuracy to the model
prediction, the use of such models was clearly out of scope for the present study.
In the business-as-usual scenario crop yields are assumed to remain constant over time. This has
the implication that the type of agents’ expectation formation losses relevancy. This is different for
climate change scenarios in which yields vary over time. In the model, yield changes are introduced
at each time step in a linear manner (see Section 4.5(b)). This linearity simulates a rather gradual
change (a constant rate of change) for agents to follow. By using a one-year foresight, it is assumed
that farm households always correctly interpret these trends. The assumption of one-year foresight
is here justified by the simplicity of this first version of MPMAS-Andes, that only considers steady
changes in temperature but does not incorporate any interannual variability, i.e. variability of yields
caused by climate variability. Therefore, it is advisable to improve the simplification of how agents
deal with uncertainty in further model versions28.
The parameters for crop and stover yields at the model start are listed in Table 4-27. The MPMASAndes application is parametrized based on yield data for the Concepción province for the year 2008,
provided by the Regional Agrarian Department of Junin (DRA JUNIN 2008).

The type of expectations in MPMAS is controlled by a single parameter. Therefore, changing from one-year
foresight to e.g. constant, naive or adaptive expectations is rather straight forward.
28
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Table 4-27. Crop and stover yields produced in the different land categories in the model.
Agro-ecological zone Irrigation
Low
(3150-3500m a.s.l.)

Intermediate / High
(3500-4000m a.s.l.)

rainfed

Land category
in MPMAS- Crop
Andes
0-3
potato yungay
potato yungay
potato canchan

irrigated

4-7

rainfed

8-12

irrigated

13-17

Technology* Sowing date

n of activities in
Yield (kg)
the MILP**

Stover (kg)

SM
M
M

Jun - Aug
Jun - Aug
Aug - Sep

12
12
8

12218
14700
12490

0
0
0

potato yungay (intercropping)

SM

Jul

4

16170

0

potato nativa (intercropping)
fallow
potato yungay
potato yungay
corn
ryegrass (average inputs)
ryegrass (low inputs)
fallow
potato yungay
potato yungay
potato canchan

SM

Jul

SM
M
M
SM
SM

Jun - Aug
Jun - Aug
Oct-Nov
Nov-Dec
Nov-Dec

SM
M
M

Jun - Aug
Jun - Aug
Aug-Sept

4
4
12
12
8
4
1
4
15
15
10

9600
0
12218
14700
10125
10379
1362
0
10752
12936
10991

0
500
0
0
6542.5
0
0
500
0
0
0

potato yungay (intercropping)

SM

Jun - Aug

5

10753

0

potato nativa (intercropping)
olluco
oats
faba bean (dry)
eucalyptus
fallow
potato yungay
potato yungay
oats
faba bean (dry)
ryegrass (average inputs)***
fallow
potato nativa
fallow

SM

Jun - Aug
Jun - Aug
Oct-Dec
Oct-Dec
Sep-Dec

SM
M

Jun - Aug
Jun - Aug
Oct-Dec
Oct-Dec
Nov-Dec

5
15
15
10
5
5
15
3
15
10
4
5
6
2

9600
8000
12436
1821
100
0
10752
12936
7051
1821
7473
0
8000
0

0
399.85
0
4309.7
0
500
0
0
0
0
0
500
0
1164

4

0

1164

1

100

0

SM

High
rainfed
18-19
NM
Sep-Nov
(4000-4200m a.s.l.)
Very High
rainfed
20 - 23
fallow
(4200- 4600m a.s.l.)
Special soil category
24
eucalyptus
Sep-Dec
for trees
* SM - semi mechanized (animal plowing); M - mechanized (tractor); NM - non mechanized (manual)
**Correponds also to number of entries in the Soil model
*** Only in land categories 13 and 14

(g) The Population model
The Population model contains the parameters used in the generation of the population and
population characteristics (non-spatially explicit state variables of agents) at the model initialization.
Population characteristics include the farm household composition (number and type of household
members) and resource endowments (e.g. number and characteristics of farm animals, tree
plantations, liquidity), excluding land (because the latter is a spatially explicit variable). Within the
population model, parameters for each state variable are expressed in form of individual (marginal)
cumulative distribution functions. There is a different entry, i.e. set of probabilities, for each of the
five vulnerability clusters and for each of the three modeled communities, summing up 15 different
entries. Therefore, each entry corresponds to groups of agents with similar characteristics. To
exemplify, Figure 4-16 shows the cumulative distribution functions of cows as specified in the five
clusters of the Middle-access community.
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Figure 4-16. Example of cumulative distribution functions (CDF): CDF of cows per cluster for the Middleaccess community
The combination of clustering methods with cumulative distribution functions and constraints
allows to achieve consistent joint distributions of different agent state variables (Troost 2014a). In
MPMAS-Andes, the clustering was based on the results of the vulnerability clusters obtained following
the methodology presented in Section 4.3 and the distribution functions for the farm household
composition and resource endowments were calculated based on the household survey, and official
demographical statistics.
For the generation of the farm household composition and assignment of resource endowments,
the in-built lottery feature of MPMAS samples characteristics from the distribution functions specified
for each entry. The mpmas lottery algorithm loops over each agent and each variable, and
independently draws a value from the distribution function of a variable in the agent’s entry (Troost
2014a). The value drawn from the distribution function is tested for compliance with the theoretical
constraints. If it complies, it is assigned to the agent, if not, a new value is drawn. This procedure is
repeated until a suitable value has been found (or a pre-specified maximum number of iterations has
been surpassed) (Troost 2014a).
The maximum number of guinea pigs and pigs that an agent of a specific entry (i.e. cluster and
community) can manage at one time is also entered in the population model. These are implemented
in a similar way as the agents’ state variables, but with only one probability segment corresponding
to the RHS value of the “animal limit” constraint in the MILP (see “pig limit” equation in Table 4-20).
(h) The Network model
The main purpose of this model is to define parameters for networks of innovation diffusion,
which is a feature not implemented under the current MPMAS-Andes parametrization. Nevertheless,
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within the network model there are parameters regarding investment objects, that are used by
MPMAS-Andes and will be presented in the following.
The decision-making of agents is not only constrained by their resource endowments, but also by
their knowledge of and access to investment objects. The Network model lists all investments and
specifies characteristics for each one, including acquisition costs, lifetime, the land category in which
the investment can be used (if any), minimum unit of the investment (e.g. 100 sqm for ryegrass), the
corresponding activity and constraint indexes in the MILP; permanent crop yield constraint in the
MILP (only for perennial crops), and accessibility and availability of the investment. The last two
indicate if and in which year of the model run the investment is available to agents.
The Network model distinguishes between investment objects that are innovations and those that
are not. In MPMAS-Andes, farm animals specified in the Livestock Model (Section 4.4.7(c)) and
perennial crops and trees specified in the Perennial Model (Section 4.4.7(b)) are investments.
Tractors are considered as innovations but are available to all agents all the time. There is a third type
of object, named “symbolic object”, which are innovations granting access to services and information,
but that usually not involve any investment costs (Grovermann 2014). This is the case of “short term
credit”. The maximum number of pigs and guinea pigs a household can manage at once are also
treated as symbolic objects, so that agents can access them.
This model also contains the parameters for three types of interest rates: (1) The long-term
interest rate, is the interest over borrowed capital with a gestation of longer than one year (Berger
and Schreinemachers 2012). It can be used for the purchase of investment goods and in the baseline
scenario, it is set to 0.3, which is an approximate value of the interest charged by local financial
agencies in the study area; (2) The short-term interest rate is the rate for borrowing capital from, say
a bank, for a period of one year (Berger and Schreinemachers 2012). This is the rate at which shortterm credit can be accessed (see Section 4.4.7(a)) and is also set to 0.3; and (3) The interest rate on
equity is the rate you receive when depositing money at a bank (Berger and Schreinemachers 2012).
In mpmas, it is used to calculate the interest an agent household receives for a short-term deposit and
also it is the discount rate for investments. The last two parameters for interest rates are linked to
their corresponding objective function vector in the MILP and, together with the solution vector,
determines the amount of interest to be paid or earned by an agent. Since in the study area, most of
the farm households don’t have access to bank savings, the upper bound for short-term savings in the
MILP was set to zero. Therefore, this interest is only used as discount rate for investment and it is set
to 9% which is the reference for Peru.
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4.5.

Scenario development

(a) The baseline scenario
The baseline scenario aims to replicate in the model a situation that is close to what is currently
happening in reality, i.e. to replicate the system under current conditions. In terms of model set up
the simulations consider constant crop yields and constant purchasing and selling prices and
production costs. These factors were set to observed levels of 2011. Scenario design assumes that the
production alternatives remain constant over the runtime (next 15 years after 2011), which means
no innovations or technological changes expected. Mortality and fertility rates are dynamic, modeled
by the Demography model.
The analysis of the results provides an outlook on what would happen in the study area during
the coming years under the assumption that present economic and demographic conditions and
trends hold. In addition, within this set of simulation experiments the archetypes of climate
vulnerability are analyzed individually. Besides this, in order to get a picture of the spatial
performance of the outcomes of interest, results at the community level are also reported.
(b) Climate change scenarios
For the assessment of the potential effects of climate change on the agricultural landscape and on
farm household systems of the study area, temperature was the only climatic factor considered. The
assumption that temperature is the main driver of LULC changes is not intended to undermine the
effects of other factors like precipitation but acts, rather as a proxy to build on future scenarios where
additional climatic variables could be implemented. A further factor that led to excluding
precipitation in the modeling, was the lack of a clear prognosis: while the trend of annual precipitation
shows a generalized diminution of rains in the northern and central parts of the Mantaro river basin,
in the western and central southern part, the trend is slightly positive (IGP 2005c; Silva et al. 2006).
In the model the effects of changes in temperature are introduced as changes in the productivity
of the modeled crops. In MPMAS-Andes, the productivity of crops is defined in the Soil submodel for
every land-use category. At the same time each land category corresponds (between others) to a
specific altitudinal range at 100m intervals.29 To estimate changes in crop productivity in each land
category, projections for altitudinal shifts in the agro-ecological zone limits, due to changes in
temperature, and specifically developed for the modeled communities, were used. The production of
stover was assumed to remain unaffected.
The calculations for altitudinal shifts in the agro-ecological zone limits were part of unpublished
work of Mr. Johannes Drechsel, who was a member of the INCA project, and whose work was
unofficially supervised by the author. The methods are similar to the ones used by J. Drechsel in his
master thesis30 (Drechsel 2013) and are presented in the Appendix D of this document. Drechsels’

See land categories in Table 3-1, see crop productivity per agro-ecological zone in Table 4-27.
The official supervision was conducted by Prof. Dr. habil. Elmar Csaplovics of the TU Dresden. The author
also supervised the master thesis even thought this supervision was not official.
29
30
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projections for the modeled communities were done for the year 2050, since this was the year for
which information on predicted changes in temperature conditions was available31.
A first step for the scenario development was therefore to adapt the available projections (that
were developed for 2050) to match the time period of the model, which is 15 years (from 2012 to
2026). To achieve this, the projected changes in agro-ecological zones were assumed to have a linear
development (see Figure 4-17). The assumption of linearity was adopted as the simplest approach in
the absence of further information on how these changes may progress over time.

Figure 4-17. Example of the estimation of shifts in the upper bounds of agro-ecological zones for the
study site for the year 2026. Calculations for 2050 were provided by Drechsel (in litt.) and are based on
a predicted increase in temperature in the study area of 1.3°C.
The resulting estimated shifts in the altitudinal limits of the agro-ecological zones are summarized
in Table 4-28. The first scenario (SCC1_0) reflects the projected changes considering that the 1.3°C
increase in temperature will be reached by the year 2050; Scenario 2 (SCC2_0) considers a more rapid
increase in temperature, assuming that a 1.3°C increase in temperature is reached by 2044. Finally,
the third – and more extreme – scenario (SCC3_0) assumes that the 1.3°C increase in temperature will
be reached by 2038.

The information on future climate change scenarios for the Mantaro Region for 2050 was provided by the
IGP and can be found in (IGP 2005a).
31
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Table 4-28. Assumed changes in the upper bounds of agro-ecological zones in the study area due to
changes in temperature by 2026 for the modeled scenarios.

Agro-ecological zone

Upper bound (m a.s.l.)
Baseline

SCC1_0

SCC2_0

SCC3_0

Low
Intermediate / High

3500

3577

3591

3611

4000

4058

4068

4083

High

4200

4296

4314

4339

To parametrize the model, the projected changes in the limits of the agro-ecological zones were
translated into changes in crop productivity in the land categories, corresponding to the altitudinal
range in which the change occurs. The changes in crop productivity used in the different model
scenarios are summarized in Table 4-29. These changes are introduced in the model at each time step
in a linear manner. Here again, the linearity assumption is adopted in the lack of more precise
information on how the development of crop productivity may evolve in time.
Each land category corresponds to a 100m interval, which allows a quite detailed resolution for
the analysis. Yet shifts in agro-ecological zones are not projected at 100m intervals. For example,
under the scenario SCC1_0 (see Table 4-28), the shift in the upper limit of the agro-ecological zone
“Low” is 77 meters (going from 3500m to 3577m). Therefore, it had to be considered that not 100%
of the 3500-3600m altitudinal interval becomes suitable for growing crops of the agro-ecological
zone “Low”. To do this, in those land categories the changes in crop productivity were set to the
proportion of the interval at which crop production changed. In the example given above, this means
that crops cultivated in the agro-eoclogical zone “Low” will become available for cultivation in the
altitudinal ranges of 3500 to 3600m, with their productivity increasing from zero at the beginning of
the model until reaching 77% of their productivity by 2026. The employed simplification leads to a
slight aggregation error in planning as it assumes that agents will use the 100m height level resolution
in planning and not distinguish on a finer scale within these zones. With this approach, agents might
be discouraged from growing on plots in land categories where productivity increases to only a small
extent. This is the case in land category 9 where, under scenario SCC3_0, crops from the agroecological zone “Low” can be grown, but only with an 11% yield (see Table 4-29). The alternative
option to this approach would have been to assume that, within a land category, the productivity of
crops always increases 100%. However, this would have led to farmers using more land and
producing more than the actual projections. Because of this, the more conservative approach was
used. Another approach would have been to gradually switch the suitability state of cells in the model
maps as if they now belonged to a lower zone. However, dynamic switching of soil classes was not yet
possible in the MPMAS version used in this thesis.
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Table 4-29. Assumed changes in crop productivity per land category due to changes in temperature by
2026 for the modeled scenarios
Land
category
in
MPMASAndes

Increase in crop productivity* (%)
Altitudinal
range

Baseline

SCC1_0

SCC2_0

SCC3_0

8

3500-3600

--

77%

91%

100%

9

3600-3700

--

--

--

11%

13

3500-3600

--

77%

91%

100%

14

3600-3700

--

--

--

11%

18

4000-4100

--

58%

68%

83%

20

4200-4300

--

96%

100%

100%

21
4300-4400
--14%
39%
*Increases in productivity are based on the productivity of a crop in the
lower neighboring agro-ecological zone

4.6.

Model analysis

After MPMAS-Andes was fully parametrized, the model was analyzed to evaluate input factors
that were considered as uncertain. Input factors for MPMAS-Andes consist of parameters and initial
conditions for variables that are not always known with a sufficient degree of certainty because of
natural variation, error in measurements, or simply a lack of current techniques to measure them
(Marino et al. 2008). The uncertainty analysis was conducted to test to which extent the output of
interest, i.e. an FHS’s income, is robust with respect to the uncertainty in the model. In other words,
we explore the range of the output (FHS income) considering the main sources of uncertainty in the
model.
As suggested by Troost & Berger (2014) and Troost et al. (2015), the multi-dimensional
parameter space of the model was explored globally so main sources of uncertainty could be
identified. Global uncertainty and sensitivity analysis methods ‘vary uncertain model inputs
simultaneously, and the parametric sensitivities are calculated over the entire range of each model
input’ (Saltelli and Annoni 2010). Parameter sampling was used for conducting the global assessment
and consisted in performing multiple evaluations with randomly selected values of model inputs, and
then using the results of these simulations to (i) determine the uncertainty in the prediction of model
outputs and (ii) to explore how each model input contributes to the variance in model outputs (Saltelli
2002).
The first step was the identification of model input parameters that were considered as uncertain.
This was the case of e.g., all market prices for crops, which values were set based on the data collected
during the fieldwork, ergo were specific for a point in time. In reality though, market prices for crops
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vary from year to year as well as seasonally, according to the distance to the market, market demand,
as well as other factors.
To facilitate the analysis of the model input parameters, input factors were used. As show in Table
4-30, each input factor corresponds to a group of similar model input parameters and has a baseline
value of one. Changes in an input factor changes all the parameters contained in the same proportion.
For instance, the input factor “input prices for crops” groups all factors related with input prices of
the different crops considered in the model. If this input factor increases to 1.1, all variables, i.e. input
prices of the specified crops increase in 10%. The input factors “foregone consumption” and
“minimum expenditure” are model input parameters, therefore the baseline value for the uncertainty
analysis is the value as parametrized in the model (0.5 and 0.8). A total of 13 input factors were
identified as uncertain, i.e. formed the parameter space for the uncertainty analysis (Table 4-30).
From this parameter space, factor samples of uniform distributed pseudo random factor numbers
were produced using the quasi-random Sobol' experimental design. For generating the factor samples
a ± 15% variation (interval of inference) for most of the input factors was assumed. The selected
interval was considered as plausible and was chosen as an approximation in the absence of historical
information on the variability of the analyzed parameters. In other words, given the characteristics of
the study area, the variation of parameters outside the ± 15% range was considered as unlikely. As
an example, it is considered unlikely that the mortality rate in the study area will increase nor
decrease in more than 15%. There were some exceptions in which the minima and maxima values
were selected from literature to represent the extremes that are consider possible. This is the case of
the parameter “grow constraint potato”, that constraints the frequency of planting potato;
“fallow_AR0-4”, that defines the proportion of land that needs to be left idle in the land categories 0
to 4; “foregone consumption”, that specifies the proportion in which the minimum consumption is to
be reduced in case of crisis; and “minimum expenditure”, that is a proportion that determines the
minimum amount of income that is consumed per household member.
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Table 4-30. Parameter variation in the Sobol’ sample
Input factor for
Model input parameters
uncertainty
analysis
1. Input prices for crops

Input file where
parameter is
located
Matrix

Baseline Variation (±15%)
values
1

0.85 - 1.15

Grow potato yungay semi-mecanized (all land categories)
Grow potato yungay mechanized (all land categories)
Grow potato canchan, mechanized (all land categories)
Grow Inter yungay, semi mechanized (all land categories)
Grow Inter nativa, semi mechanized (all land categories)
Grow CornGreen mechanized (all land categories)
Grow olluco (all land categories)
Grow Oats (all land categories)
Grow FabBeanDry (all land categories)
Grow nativa (all land categories)
Input prices for ryegrass (perennial crop)

Perennials

2. Grow constrain potato

Matrix

1

0.5-1.0

3. Fallow AR0 - AR4

Matrix
Matrix

1

0.7- 1.3

1

0.85 - 1.15

wage hiring in temporary labor
5. Market prices for crops

Market

1

0.85 - 1.15

market price popato yungay
market price potato canchan
market price potato nativa
market price popato yungay (intercropping)
market price potato nativa (intercropping)
market price corn green
market price olluco
market price oats_dry
market price faba bean
market price ryegrass - sell
market price ryegrass - future price
6. Market prices for trees

Market

1

0.85 - 1.15

Market

1

0.85 - 1.15

8. Market prices for livestock

Market

1

0.85 - 1.15

market price - sell livestock meat
market price - sell livestock offspring
market price - sell livestock milk
market price - sell livestock meat - future price
market price - sell livestock offspring - future price
market price - sell livestock milk - future price
market price - sell yunta meat
market price - sell yunta offspring
market price - yunta plowing service
market price - yunta meat - future price
market price - yunta offspring - future price
market price - yunta plowing services - future price
market price - sell sheep meat
market price - sell sheep offspring
market price - sell livestock wool
market price - sell sheep meat - future price
market price - sell sheep offspring - future price
market price - sell livestock wool - future price
9. Foregone consumption

Market

0.5

0.425 - 0.575

10. Minimum expenditure

Demography

0.8

0.68 - 0.92

11. Adjustment factor for available labor

Demography

1

0.85 - 1.15

12. Adjustment factor for mortality

Demography

1

0.85 - 1.15

13. Adjustment factor for fertility

Demography

1

0.85 - 1.15

4. Labor
wage hiring out household labor of type: farm

market price eucaliptus
sell eucaliptus future
7. Market prices for farm animals
market price - sell finisher
market price - sell weaner
market price - sell cuy
buy_cuy_f (unit)
buy pig, weaner (unit, 3 months)
buy pig, sow (unit, 12 months)
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Given our experimental setup (see Section 4.5), we simulated the 4 different scenario settings
using the same Sobol’ sequence for 50 repetitions each (see Table 4-31). Each point of the sequence
provides a fully controlled experiment in which the scenario effect can be isolated from any variation
in other parameters. Mean effects and upper and lower bounds can therefore be calculated directly
from the simulated distribution of the scenario effect in all design points. Consequently, it can be
observed how the variability of the output variable (output statistic, e.g. mean or median) develops
when adding repetitions from the sample, and stop simulating more repetitions when this converges,
i.e., ceases to be sensitive to the addition of further repetitions (Berger et al. 2017).
First, the modeled scenarios were compared against the scenarios with Sobol sequence, with each
pairwise comparison having 50 design point. For each design point the average scenario difference
over agents was calculated. Specifically, the difference in income for each agent between a given
scenario and the same scenario using Sobol’ sequence in the last simulation period was calculated. To
examine whether these differences converged, the cumulative means and the cumulative 95% and
5% percentiles of the averages of these differences over the repetitions were calculated.

Table 4-31. Scenario settings for the analysis of the convergence of agent income over the Sobol'
sequence. Within one design point both repetitions were initialized using the same seed.
Experimental set up
1
2
3
4

Baseline (SBSL_0_)
Scenario 1 (SCC1_0_)
Scenario 2 (SCC2_0_)
Scenario 3 (SCC3_0_)

(50 repetitions)
(50 repetitions)
(50 repetitions)
(50 repetitions)

vs.
vs.
vs.
vs.

Baseline with Sobol (SSBSL_0_)
Scenario 1 with Sobol (SSCC1_0_)
Scenario 2 with Sobol (SSCC2_0_)
Scenario 3 with Sobol (SSCC3_0_)

(50 repetitions)
(50 repetitions)
(50 repetitions)
(50 repetitions)

Design
points
50
50
50
50

Next, the baseline was compared against the other three scenarios, with each pairwise
comparison having 50 design point, i.e. 50 repetitions of the baseline and 50 repetitions of another
scenario. For each of the 50 design points the average scenario difference over agents was calculated.
In other words, the difference in income for each agent between a given scenario and the baseline
(using Sobol’ sequence) in the last model period was calculated. To examine whether these
differences converged, the cumulative means and the cumulative 95% and 5% percentiles of the
averages of these differences over the repetitions were calculated.

Table 4-32. Scenario settings for the analysis of the convergence of the effect of climate variability over
the Sobol' sequence. Within one design point both repetitions were initialized using the same seed.
Experimental set up
5 Baseline with Sobol (SSBSL_0_) (50 repetitions)
6 Baseline with Sobol (SSBSL_0_) (50 repetitions)
7 Baseline with Sobol (SSBSL_0_) (50 repetitions)

vs.
vs.
vs.

Scenario 1 with Sobol (SSCC1_0_) (50 repetitions)
Scenario 2 with Sobol (SSCC2_0_) (50 repetitions)
Scenario 3 with Sobol (SSCC3_0_) (50 repetitions)
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Design
points
50
50
50

The variability in the cumulative percentiles of these averaged differences in FHS income for the
last simulation period between the baseline and the climate change scenarios was further explored
doing a sensitivity analysis to discern which values for the uncertain factors lead to higher and to
lower differences. For this we applied a Wilcoxon-Mann-Whitney rank sum test (also called ‘MannWhitney’ test) to examine whether there was a significant difference between the values of the input
factors in the upper quartile and the lower quartile of the outcome distribution.

4.7.

Analysis of model outputs

The model outputs were analyzed to identify effects of an increase in temperature on farm
household systems and on the landscape of the study area. For this, 50 repetitions of the baseline
scenario and 50 repetitions of each climate change scenario were analyzed. The same set of 50 seed
were used for the initialization of the model repetitions in each scenario.
In the model the number of FHSs is likely to change between periods due to agent exits (Troost
2014a). This needs to be taken into account when analyzing land use and income development over
time. In MPMAS-Andes, FHS agents exit the model due to illiquidity, death of the household head
without a successor, or lack of labor force. The exiting agents lead to a general decline in some main
model outputs, over simulation periods. So, for instance, when considering all agents an overall
decrease in income is observed throughout the simulations. This might create the illusion that farm
household agents are getting ‘poorer’, when in fact, the average income per capita increases.
Therefore, we exclude the agents that exited the model in a given repetition thereby facilitating the
detection of climate change effects. An exception is the analysis of changes in the food poverty
position of FHSs in which agents that exited the model due to bankruptcy are included (see upcoming
Section).

4.7.1. Analysis of the effects of an increase in temperature on the farm
household system
To analyze the model results at the farm household system level we first look at the FHS income
and the main adaptative capitals modeled: labor (available household labor, off-farm employment
and hiring of wage labor), farm animals, plowing technologies (use of bulls and tractors) and access
to credit. Complementary, the outcomes are also analyzed by aggregating the data to the cluster and
community levels. While the former is expected to provide information on variations between
different typologies of FHS, the latter will help to gain insights into altitudinal and territorial
variations in the observed outcomes. In all cases, the effects of an increase in temperature conditions
on FHSs of the study area emerges from the comparison of the climate change scenarios (SCC1_0,
SCC2_0 and SCC3_0) and the baseline.
The next part of the analysis investigates changes in the food poverty position of FHSs resulting
from an increase in temperature. For such assessment the results for minimum household
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consumption (expressed as minimum expenditure) are used as a measure of FHSs’ welfare32. In
MPMAS-Andes, the household agents’ minimum consumption (expressed as minimum expenditure)
is calculated based on the sex-age group composition of each agent at each time step. As these values
are based on the extreme poverty line for the region33 , agents who are unable to cover their
consumption expenditure are not able to cover the basic food needs within the household, i.e. their
income or per capita consumption is lower than the minimum food basket.
In order to assess the effects of an increase in temperature on food security, agents were first
categorized into food poverty categories. An agent falling into a given category depended on its results
for minimum household consumption in all model repetitions and in all simulation years. As
suggested by Berger et al. (2017), the variation of food security across agents was extracted,
considering all 50 repetitions and all 15 years that were simulated in the baseline and climate change
SCC1_0 (↑1.3°C by 2050) scenarios: a pairwise comparison of 750 data points per agent.
The food poverty categories correspond to the following intervals:


Agents always (x ≥ 75%) below the extreme poverty line in all repetitions and years



Agents often (25% ≤ x < 75%) below the extreme poverty line in all repetitions and years



Agents rarely (x < 25%) below the extreme poverty line in all repetitions and years



Agents never (x = 0%) below the extreme poverty line in any repetitions and years

In MPMAS-Andes, if during the model cycle an agent doesn’t have enough cash, it declares
bankruptcy, which implies that its farm shuts down and the agent exits the model. The analysis of
changes in the food poverty position of FHSs included those agents that in a given repetition exited
the model due to bankruptcy before the end of the simulation. Those agents were considered to be
below the extreme poverty line for the remaining periods after they left. Agents that exited the model
due to other reasons (e.g. no household members left, not enough labor force), were completely
excluded from the analysis.
In a second part of the analysis, for agents whose poverty position changed with climate change,
main outcome variables were analyzed. The aim of the analysis was to detect underlying factors
explaining shifts in their food poverty status. For this, a Wilcoxon Rank Sum test (equivalent to the
Mann-Whitney test) was performed to detect differences in the distribution of outcome variable of
agents whose poverty position changed with those whose poverty position remained constant with
climate change. Non-parametric testing was used as the means of the outcome variables do not
represent well the centers of distribution. The test had the null hypothesis that the distributions of
“x” and “y” differ by a location shift of zero and the alternative was that they differ by some other
location shift. “x” is the vector of values of the output variable of agents that remained in a given
category and “y” is the vector of values of the output variable of agents that changed their poverty
This is a characteristic of the present methodology that is shared with econometric methods to vulnerability
assessment like Vulnerability as low expected utility (VEU) and Vulnerability as uninsured exposure to risk
(VER). See Section 2.3.2.
33 Extreme poverty line considers 140 soles/person/year, which are official values for rural areas in the
peruvian “sierra” in 2010 (INEI – Encuesta Nacional de Hogares 2001-2010)
32
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position with climate change. The Wilcoxon Rank Sum test was performed at 10%, 5% and 1% of
significance. The output variables tested were: total agricultural land (hectares), forest land
(hectares), farm animals (tropical livestock units), total household labor (labor-days), off-farm
employment (labor-days), hired wage labor (labor-days), access to credit, use of tractors for plowing
(hours), and use of bulls for plowing (days).

4.7.2. Analysis of the effects of an increase in temperature on the
agricultural landscape
For each scenario, information on the agriculture landscapes of the study area arises from the
aggregation of the model results, averaged over all repetitions. Complementary, changes in the
development of the landscape due to climate change can be identified by comparing the aggregated
average results of the baseline with the aggregated average results of climate change scenarios
(SCC1_0, SCC2_0 and SCC3_0). To gain insights into altitudinal and territorial variations in the
observed outcomes, the analysis is also done by communities and by agro-ecological zones.
The comparison of scenarios at the landscape level focuses on the development of income, the
different crops (including eucalyptus tree plantations) and farm animals over time.
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Chapter 5. Results

5.1.

Characterization of the socio-ecological context

This Section contains the short description of the socio-ecological system under study: its
objectives, resources, main productive constraints, and potential constraints in the future with
respect to climate vulnerability. This information was not only used in the subsequent steps to
generate indicators of adaptive capital and vulnerability outcome but was also crucial for the final
interpretation of vulnerability.
For the study area the socio-ecological system was portrayed based on the agro-ecological zone
classification developed by Mayer (1979) (as described in Section 3.3), adjusting it to take into
account information from the community transect diagrams and the direct observation, both part of
the participatory rural workshops.
The outcome of this characterization is summarized in Figure 5-1. This classification takes into
account the characteristics of the altitude-determined environmental gradient, and compares and
contrasts the characteristics of each zone with those located above and below it (Mayer 1979). This
is particularly important when dealing with mountain systems, where altitude influences the climatic
conditions and related climatic hazards. As an example, the number of ground frosts per year in the
Central Andes rises from around 30 at 3500m a.s.l. to 100 at 3900m and 150–300 at 4200m
(Winterhalder and Thomas 1978; Lauer 1982; Halloy et al. 2005a). At 4500m, frosts occur almost
daily throughout the year (ibid.).
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Figure 5-1. Agro-ecological zones based on Mayer (1979) and relative location of the communities
involved in the study. In the Andes the altitudinal range largely determines the type of productive
activities – intensive vs. extensive agriculture and livestock raising, crop mix, market vs. subsistence
agriculture, etc. – that a farm household system can undertake.
The second step was to gather information on the risk perceptions of the target group. In this case
study farmers’ perceptions of climatic hazards and trends were gathered during the participatory
rural workshops, using matrix ranking and community transect diagram (see Section 4.2.2). The
perception of farmers regarding climatic determinants of vulnerability in agriculture is summarized
in Figure 5-2. The main identified determinants in decreasing order of importance were frost (score:
12 out of 12 possible points), heavy rainfalls (8 points), agricultural droughts (5 points), and hail (4
points). In addition, the following factors were mentioned as determinants for negative impacts of
climatic hazards on agricultural activities: (a) season of the year; (b) physical characteristics of the
farm plot like location, altitude, slope, soil type; (c) crop type, phenology, and stage of development;
(d) the technology available (mainly availability of water and drainage systems); and (e) intensity and
duration of the climatic hazards.
With regard to frosts, farmers explained that they did not represent a big threat once plants were
fully developed, i.e. shortly before harvesting. Yet they could be very harmful during the first stages
of plant development. Moreover, frosts not only affected agriculture but also had a “burning effect”
on grasslands, diminishing their productivity and therefore having a direct impact on the
nourishment of livestock.
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Figure 5-2. Ranking of climatic hazards that negatively affect crop production as perceived by farmers
of the study area. The figure shows aggregated results of ranking matrices applied during four
participatory rural workshops. The hazards with the higher scores in each workshop were given the
values between 1 and 3, with 3 being the hazard with the highest score. Hazards with lower scores are
not included in the figure.
When farmers were asked about future trends, they agreed that excess rainfall, frosts, and
agricultural droughts were likely to increase in frequency and intensity in the future. In this sense,
there were no clear trends on steady changes in climatic conditions but a strong perception of climate
change, expressed as the future increase of climate extremes, i.e. changes in the probability
distribution of climatic hazards.
Similar to these findings, the IGP (2005a) concluded in its publication entitled “Analysis of the
Mantaro Basin Under the Vision of Climate Change” that:


The main natural hazards identified are: frost, drought and surface geology (landslides, soil
erosion, mud flows, etc.)



The population of the basin perceives its environmental reality clearly, and prioritizes the
meteorological phenomena that affect them the most in order of importance: droughts, frost,
excessive rainfall, hailstorms and strong winds […]



The population does not recognize the difference between climate variability and climate
change, but it links the effects of extreme weather events with economic and social losses,
mainly in the agricultural sector. Loss of native crops is a serious concern.

When comparing the farmers’ perceptions with the available research-based information on
climate-related hazards, trends and future scenarios (as presented in Section 3.4.2), interesting
parallels are to be found. Both groups acknowledge frosts and droughts as the main climatic risks and
expect an increase in the frequency of these events in future decades. This recognition is crucial since
farmers are unlikely to react to changes in their environment as long as they are unaware of the
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processes taking place. For the same reason, adaptation measures should optimally be designed not
only on the basis of analyses of climatic processes but also with due consideration to the perceptions
of ongoing changes by the local populations and their vulnerability.

5.2. Archetypes of FHSs’ vulnerability to climate-related
hazards
5.2.1. Indicators for adaptive capital
Fifteen indicators of adaptive capital at the FHS level were pre-selected during the PRA
workshops and data on them was gathered through the household survey. The complete list of the
initial set of indicators, including some descriptive statistics is presented in Table 5-1.
The data on these indicators was analyzed to determine which indicators played a bigger role in
determining the vulnerability of the FHS. The first step to achieve this was the data preparation. First
outliers in the data set were identified. The indicators “total farm area” and “animal husbandry”
presented high values that skewed the distribution of the sample and were interpreted as unusual for
the study site. Winsorization was applied to these indicators by replacing the upper observations by
the next available less extreme observation (Barnett and Lewis 1994). The substituted observations
accounted for 3.6% of the data set for both indicators (five elements of data in each case). Then, all
input data was normalized (0-1) so that each indicator fell within the same range and prevented large
domains from dominating indicators with smaller domains. All indicators were arranged so that zero
(0) reflected the lowest value of adaptive capital, and thus the highest contribution of the indicator to
FHS vulnerability.
After the process of data preparation was finished, correlations within the data set were
identified. A correlation matrix of all variables was conducted to explore significant relations (Table
5-2). The average correlation for the data set was low, showing absolute values of 0.2. Low values
could be explained not only by a lack of correlation between the indicators but also by the small
sample size. “Number of assets” was positively associated with “off farm employment” (0.3),
supporting the hypothesis that involvement in off-farm activities leads to a better socio-economic
status.
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Table 5-1. Initial set of adaptive capital indicators collected during the household survey
Adaptive
Capital

Indicators

Natural

Total farm area

Descriptive
statistics

Measure

Explanation

range (111 - 34323)
mean (9759.4)
SD (9521.2)

square meters

Total area (owned or rented) used by the
household for agriculture

Number of farm
plots

range (1 - 28)
mean (5.07)
SD (3.87)

number

Total number of farm plots (owned or
rented) used by the household for
agriculture

Agro-ecological
zones

range (1 - 3)
mean (1.5)
SD (0.6)

low (3,000- 3,500);
intermediate (3,500-4,000);
high (>4,000)

Spatial distribution of the farm plots
across agro-ecological zones

Physical

Irrigation ratio

range (0 - 1)
mean (0.6)
SD (0.4)

Financial

Animal
husbandry

range (0 - 13)
mean (4.4)
SD (3.5)

tropical livestock units (TLU)

Animals owned by the

Number of assets

range (0 - 3)
mean (2.2)
SD (0.8)

no assets=0; one asset=1;two
assets=2; three assets=3

Assets owned by the
household: cell phone, radio, TV

Trees

range (0 - 1)
mean (0.81)
SD (0.39)

no = 0; yes = 1

Ownership of tree plantations

Access to credit

range (0 - 1)
mean (0.27)
SD (0.45)

no = 0; yes = 1

Yes if any household member has current
access to credit or if formal credit have
been used in the past for agricultural
purposes

Age of the
household head

range (21 - 75)
mean (48.54)
SD (13.86)

years

Educational level
of the household
head

range (0 - 4)
mean (2.32)
SD (0.71)

Female headed
household

range (0 - 1)
mean (0.73)
SD (0.44)

none = 0; primary (not finished)
= 1; primary (finished) = 2;
secondary (finished) = 3;
further (technical) = 4;
university = 5
no = 1; yes = 0

Inverted
dependency
factor

range (0 - 1)
mean (0.62)
SD (0.29)

0 = total dependency; 1 = no
dependency

Off-farm
employment

range (0 - 2)
mean (0.9)
SD (0.9)

no member =0; at least one
member (agricultural labor)=1;
at least one member (non agric.
labor)=2

Visits to the city

range (0 - 3)
mean (2.6)
SD (0.7)

< once a month=0; once a
month=1; twice a month=2;
weekly=3

Networking

range (0 - 1)
mean (0.73)
SD (0.45)

0 = no household member is
member of an organization; 1 =
at least one hh member is
member of an organization

Human

Social

Total irrigated land divided by total
agricultural land
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household

The inverse of the ratio of the population
under 15 and over 65 years of age to the
total population

Refers to the adult that most frequently
visits the nearest city

Table 5-2. Correlation matrix of all the initial indicators for adaptive capital
E hh
head
Educational level of the household head
Number of household members
Inverted dependency ratio (<15 & >65)
Off-farm employment
Visits to the nearest city (Concepción)
Number of agro-ecological zones
Number of assets
Number of farm plots
Farm area available
Irrigation ratio
Number of farm animals
Extreme weather event
Money lost

N
members

1.00
0.20
-0.13
0.19
0.22
-0.07
0.39
-0.17
0.07
0.18
0.11
-0.10
-0.02

IDR

1.00
-0.04
0.27
0.13
0.12
0.01
0.17
0.17
-0.05
-0.03
-0.01
0.15

1.00
0.09
0.03
-0.02
0.06
0.13
0.18
0.02
0.10
0.10
0.11

Off-farm
labor

Visits
city

1.00
-0.06
-0.13
0.28
-0.05
0.00
0.01
0.05
-0.09
-0.10

A-E
zones

1.00
0.20
0.19
0.09
0.05
0.00
-0.09
0.07
0.10

1.00
-0.14
0.55
0.11
-0.10
0.18
0.24
0.15

Assets

1.00
-0.07
0.23
0.13
0.00
-0.12
0.07

Farm
plots

Farm
area

1.00
0.38
-0.26
0.21
0.24
0.11

IR

1.00
0.05
0.14
0.09
0.28

1.00
0.21
-0.19
0.08

Farm
animals

1.00
0.02
0.18

EWE

1.00
0.44

Money
lost

1.00

As next step, a principal component analysis (PCA) was carried out. The PCA was applied to
reduce the dimensionality of the data set prior clustering and to “extract” the cluster structure in the
data set (Jolliffe 2002). A first PCA was carried out including all initial indicators, but loadings were
low, with the first seven components explaining only 58.3% of the total variance. Indicators with low
loadings were excluded from the analysis, and a second PCA was carried out which took account of
the final indicators (see Table 5-3). In the second PCA the remaining indicators showed better
performance with loadings greater than 0.5 for the first five components, explaining 71% of the total
variance. “Number of assets” and “agro-ecological zones” presented high loadings for the first two
PCA components of 0.65 and -0.68 respectively. Both indicators, therefore, were expected to play an
important role during the clustering process.
As a result of this analysis, the final indicators, i.e. the ones that contributed the most to explaining
the total variance of the sample, were identified. These indicators were later used for the cluster
analysis and, consequently, as a basis for the characterization of the different archetypes of climate
vulnerability.

Table 5-3. Loadings of the different indicators during the second PCA analysis. Indicators portrayed in
the table are the final indicators that were selected for the analysis.
Indicator
Off-farm employment
Agro-ecological zones
Number of assets
Farm area available
Irrigation ratio
Number of farm animals
Visits to the nearest city
SS loadings
Proportion of the variance
Cumulative variance

Comp.1
0.431
-0.132
0.646
0.410
0.360
0.244
0.152

Comp.2
0.346
-0.681
0.114
-0.358
-0.048
-0.404
-0.330

Comp.3
0.006
0.102
0.298
0.039
-0.419
-0.578
0.624

Comp.4
0.471
0.233
-0.025
0.280
-0.693
0.146
-0.379

Comp.5
-0.512
-0.314
0.044
0.692
-0.070
-0.259
-0.295

Comp.6
-0.340
-0.433
0.255
-0.206
-0.456
0.584
0.200

Comp.7
0.309
-0.409
-0.643
0.321
-0.001
0.114
0.456

1.000
0.143
0.143

1.000
0.143
0.286

1.000
0.143
0.429

1.000
0.143
0.571

1.000
0.143
0.714

1.000
0.143
0.857

1.000
0.143
1.000
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The final indicators of adaptive capital and their relation to vulnerability are outlined below. This
set of adaptive capitals represents the main natural, financial, social, human, and physical capitals
(internal determinants) that contribute to the definition of vulnerability archetypes at the FHS level
for the specific socio-ecological system under analysis.
(a) Natural capital - “total farm area” and “agro-ecological zones”
The selected indicators for natural capital were “total farm area” and the “agro-ecological zones”
in which these are located. The cultivation of multiple plots under different agro-ecological conditions
is a household- and community-level climate risk reduction strategy. The simultaneous use of many
plots in different zones maximizes the altitude, sun exposure and soil fertility differentials (Halloy et
al. 2005a; Andrade Pérez et al. 2011). In different production zones, field types differ in relation to
slope, frost mitigation, flood control, crops, and production intensity (Mayer 1979). For each zone,
there may also be differences in the form of social organization among people who have access to it
that permits the production of crops (Mayer 1979). This practice may result in the cultivation of a
greater diversity of crops according to the FHS’s food requirements, market prices, expected weather
conditions and soil properties. By doing so, households ensure a varied diet and diversify risks across
locations and crop varieties (Sietz et al. 2012; McDowell and Hess 2012).
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(b) Physical capital - “irrigation ratio”
“Irrigation ratio” is an indicator for physical capital applied in the study area as a strategy against
frost and droughts. Additionally, irrigated farm plots hold a higher productive potential and are
therefore used for cash crops. FHSs with higher irrigation rates are expected to have a higher capacity
to adapt to climate fluctuations (O’Brien et al. 2004; Deressa et al. 2008).
(c) Financial capital - “ownership of animals” and “number of assets”
“Ownership of animals” and “number of assets” are both forms of financial capital, and high values
indicate economic wealth. Animal husbandry is a livelihood strategy that increases the limited
resource pool of an FHS: animals provide manure, plowing force, wool, food (meat, eggs, milk), among
other benefits. Added to these advantages, when facing climatic risks, animals can be sold as a way of
obtaining money to cover short-term needs (Amos 2011; Sietz et al. 2012). This illustrates a selfinsurance mechanism: an FHS may build up assets in good years, which it can use in bad years to
recover from shocks (Dercon 2002; Sperling et al. 2008). The number of assets is interpreted as part
of the means that an FHS can mobilize and manage in the face of hardship (Bohle et al. 1994; Moser
1998).
(d) Human capital – “off-farm employment”
Off-farm employment, an indicator for human capital, is understood as all income-generating
activities that do not take place on the household farm, including agricultural wage labor and nonfarm labor (the latter includes temporary migration). It enhances adaptive capacity and reduces the
sensitivity of an FHS by supplementing and (albeit in a few cases only) substituting on-farm activities
(Sietz et al. 2012). Off-farm employment is reported to be used as an ex-post strategy for crop losses
as a way of earning extra income when hardship occurs (Kochar 1995; Dercon 2002; Wittmann 2013).
FHSs specialized in non-agricultural off-farm employment are therefore expected to be less
vulnerable to climate-related hazards than those engaged predominantly in agriculture (Eakin 2005;
Sperling et al. 2008; Sietz et al. 2012).
(e) Social capital – “frequency of visits to the nearest city”
Frequency of visits to the nearest city is a proxy for accessibility and connectivity, and is used here
as an indicator for social capital. An FHS located in a remote rural area is comparatively isolated, and
its members will have fewer opportunities of traveling to urban centres. This restricts their access to
services like health, education, information, and credit, and also limits off-farm employment
opportunities and market access for both selling their products and purchasing goods.
For social capital, an additional indicator “membership in a productive organization” was also
recorded during the household survey. Results showed that 73% of respondents belonged to a
productive organization, mainly to associations formed by one of our main project partners,
Agrorural. Since Agrorural helped to organize the PRA workshops and conduct the household
surveys, a bias towards interviewing farm households with membership to Agrorural associations
was highly probable. Therefore, the indicator was excluded from the analysis. Another obvious
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indicator, “membership of a community”, would not have been useful because all respondents are
community members. Therefore, the indicator does not contribute to differentiating FHSs. Further,
no collective action, such as ex-post or ex-ante strategies against climatic hazards, was reported.
Even though communal practices of reciprocity and exchange in agriculture (social capital) were
not considered to be indicators, they are common in the study area. Results of the household survey
showed that 77% of the survey respondents took part in one or more of these practices. These
included labor exchange in agriculture (62%), borrowing farm areas from the community for a crop
season (11%), and as an alternative to renting land “al partir”, i.e. instead of money, the peasant that
cultivates the farm plot gives the owner a portion of the final harvest (28%). Conversely, communal
ex-ante and ex-post strategies to prevent or mitigate climatic hazards were known by the population
but no longer used or applied only by a few people in an individual manner (results of PRA). The most
commonly used ex-post strategies were selling off farm animals (68% of survey respondents),
household savings (46%), borrowing money from family or friends (26%), selling trees (13%), taking
out a bank loan (10%), and earning an agricultural wage (6%).

5.2.2. Indicator for vulnerability outcome
Two quantitative indicators were collected during the household survey: “extreme weather
events,” standing for the number of climatic hazards causing agricultural damage during the past five
years; and, second, “money lost,” representing the related economic losses. Farmers were asked to
estimate their crop losses during the past five years, considering specific weather events.
For the indicator “money lost,” 2.2% (n = 3) of the observations were interpreted as unusually
high, skewing the distribution of the sample. Therefore, those observations were replaced by the next
available less extreme observation. After this, data was normalized (0-1) and arranged so that zero
reflected the lowest negative effect. Missing data (n = 7) which corresponded to respondents who
could not estimate or did not remember the indicator “money lost” was imputed.
After the process of data preparation, correlations within the data set (Table 5-2) were identified.
As for adaptive capital indicators, the correlations were low. As expected, the highest correlation was
between the indicators “extreme weather events” and “money lost” (0.44). Also, the indicator “total
farm area” was positively correlated with “money lost” (0.3). This is intuitively correct since farmers
managing greater farm areas will also invest more in agriculture and have a higher exposure to
climate-related risks. “Money lost” had a slightly higher mean absolute correlation value to the
adaptive capital indicators than “extreme weather events.”
Based on the analysis of correlations between indicator outcomes and indicators for adaptive
capital, we chose “money lost” related to extreme weather events as a quantitative indicator of the
vulnerability outcome. The decision was based on the slightly higher correlations between this
indicator and the adaptive capital indicators. The indicator “money lost” was later used to validate
the results of the cluster analysis by including it in the calculation of a vulnerability index.
The results for climate-related agricultural damage is presented in Figure 5-3. Only 4% of all
respondents reported having had no agricultural damage caused by climatic hazards in the past five
years. Frost was the most frequent climatic hazard (47%), followed by excess rainfall (11%),
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agricultural droughts (9%), and hail (9%). Excess rainfall and frost constitute the highest mean
monetary losses per episode, with all extreme weather events having high standard deviations.
Figure 5-3. Results of the household survey on agricultural damage caused by climate-related hazards.
96% of all respondents reported having agricultural losses caused by climatic hazards in the past 5
years. The table shows the type of hazard, the number of respondents having experienced an event, the
number of reported events, average monetary loss per event, and standard deviation of the monetary
losses.

5.2.3. Identification of archetypical patterns of climate vulnerability
The cluster analysis was conducted using the data set of the selected indicators for adaptive
capital (normalized values). The cluster analysis categorized FHSs based on recurrent similarities
among them, based on those indicators, in cases where such similarities exists. The clustering was
tested considering 2-10 categories or partitions. To define the optimal number of partitions, the
reproducibility of the results within each number of cluster partition was evaluated using a
consistency measure. Results of the analysis of the optimal number of partitions for the clustering of
the selected indicators for adaptive capital is presented in Figure 5-4. The standard deviation of
consistency was very small, which shows the very good convergence of the stochastic approach. The
consistency measure shows a maximum for partitions with five clusters, i.e. they demonstrated a clear
differentiation of households according to the different indicators used. Such differentiation is useful
when interpreting FHS vulnerability and therefore, the analysis of FHS archetypes was based on five
clusters.
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Figure 5-4. Consistency measure for partitions with 2–10 clusters. Whiskers indicate standard
deviations of 50 repetitions of 400 cluster runs, i.e. 200 pairwise comparisons of cluster results
considering partitions with a given number of clusters.
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The identified FHS archetypes and their indicator values, which are representative of all FHSs
categorized in a given cluster, are presented in Figure 5-5. Considering the theoretical framework on
the link of poverty and vulnerability (Section 2.2.2), we expected poverty to be indirectly reflected in
a limited amount of capital, as well as in FHSs having more farm-oriented activities. Conversely, better
economic conditions are expected to be reflected not only in higher financial capital but also in
increased off-farm employment.
At first glance, a clear division between clusters becomes apparent: Cluster 3 contains particularly
resource-constrained FHSs, Clusters 0 and 1 represent predominantly agriculture-oriented systems
(with values for off-farm employment ≤ 0.15), Clusters 2 and 4 depict off-farm oriented systems (with
values for off-farm employment ≥ 0.8). Clusters 0 and 1 rely mostly on agriculture as a source of food
and income and are therefore expected to be more vulnerable to climate-related hazards than FHSs
intensively engaged in off-farm activities. It is also noteworthy that off-farm oriented FHSs have the
highest values for “number of assets,” which indicates better economic conditions.
In terms of adaptive capital, Clusters 0 and 2 present the highest cumulative values. Interestingly,
they depict FHSs with two very different sets of adaptive capital and therefore also different
livelihood strategies. While the former are specialized in on-farm activities, the latter are dedicated
predominantly to off-farm activities. Yet both prove to be successful in that they have high adaptive
capital portfolios. At the other end of the scale we find Cluster 3, which represents FHSs with highly
constrained capital. Such low indicator values of all adaptive capitals are related to poverty (de Janvry
and Sadoulet 2000). The long-term consequences for asset-poor households are lower average
incomes and a higher income gap relative to asset-rich farm households (Dercon 2002).
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Figure 5-5. Profiles of FHS-internal determinants (adaptive capital) with indicator values specifying the
importance of each form of capital averaged at cluster centres. (Note: High indicator values contribute
to higher adaptation capacity). The indicator values are normalized according to their minimum and
maximum, whereby high values contribute to higher adaptation capacity.

The resulting indicator values for adaptive capital per cluster were used together with the
outcome indicator “money lost” to calculate the vulnerability index. Results are shown in Figure 5-6.
The results reveal a clear distinction between the archetypes of vulnerability: Agriculturally oriented
FHS (Clusters 0,1 and 3) are more vulnerable, which is consistent with their higher dependency on
climate conditions for producing food and generating income. For these archetypes we observe
increasing levels of vulnerability with a decreasing cumulative amount of adaptive capital. In contrast,
Clusters 2 and 4 show a lower vulnerability index, indicating beneficial effects of more intensive offfarm employment and better asset endowment.
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Figure 5-6. Vulnerability index

The vulnerability index was further interpreted with regard to the agro-ecological zones in which
farmers operate. As showed in Figure 5-7, FHSs in the community of Marcatuna (G), located in the
upper zone of the watershed, are mainly represented in the most vulnerable and the highly vulnerable
archetypes (Clusters 3 and 1). Harsher climatic and topographic conditions, together with longer
distances to the market, poor infrastructure and fewer alternative income-generating activities,
contribute to this outcome. Conversely, the least vulnerable archetype (Cluster 2) is mainly formed
by FHSs in the communities of the lower zone of the watershed: Santa Rosa and Huanchar (A and B).
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Figure 5-7.The left-hand side of the figure shows the location of the communities of the study within the
watershed and with reference to agro-ecological zones and the nearest city. The right-hand side
indicates the share of communities in each cluster for adaptive capital. The comparison of both figures
allows us to link the spatial location of the communities to the results of the archetype analysis of FHS
vulnerability.

Summarizing the results of the previous analyses, the identified archetypes can be characterized
according to their degree of vulnerability, explained by internal and external determinants. Moreover,
the clusters provide useful insights into the multifold dimensions of vulnerability and the adaptive
capacity of different FHS groups, allowing us to develop strategies for reducing vulnerability:
Archetype 1. Most vulnerable cluster (Cluster 3), agriculture-oriented FHSs with highly
constrained capital.
This archetype represents 19% of the population sample, with members of all communities but
with a higher share in those located in the upper agro-ecological zones (73.1% of the cluster members
belong to the communities of Marcatuna, San Pedro, San Antonio and La Florida). This cluster contains
particularly resource-constrained FHSs. Besides having limited access to off-farm employment
(Figure 5-5), they also lack capital for on-farm activities, suggesting that FHSs belonging to this cluster
are exposed to extreme poverty. This leaves them with little to no possibility of coping with climatic
stressors, and they are therefore considered the most vulnerable group. Here, strategies for managing
and coping with risks are likely to be insufficient. Agricultural development, in conjunction with
policies to enhance their ability to increase their capital through (for example) access to credit or
access to markets, offers the best hope of a swift reduction in poverty and related vulnerability (FAO
2013b). Social protection instruments like public safety nets and complementary social welfare
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services could establish a bridge between these short-term needs and long-term development goals
(FAO et al. 2002).
Archetype 2. Highly vulnerable cluster (Cluster 1), agriculture-oriented FHSs with constrained
financial, natural and human capital
FHSs in this archetype represent 22% of the population sample and are predominantly dedicated
to on-farm activities (Figure 5-5). Nevertheless, agricultural area is a constraint factor here. In spite
of the high irrigation ratio, which can help them to prevent or reduce the negative effects of climaterelated hazards, this cluster is economically affected. This is not only because of their dependence on
farming activities, which are not always very productive (e.g. in the upper watershed), but also
because of their reduced diversification in agro-ecological zones (Figure 5-5). Entry points for
vulnerability reduction might include the diversification of income-based strategies and the
strengthening of financial capitals such as a self-insurance mechanism, for example animal
husbandry.
Archetype 3. Average vulnerability cluster (Cluster 0), agriculture-oriented FHSs with greater
adaptive capital
This is the smallest cluster, with only 15% of the total population sample. FHSs in this archetype
are agriculture-oriented and have greater agricultural resources: larger agricultural areas spread
across a higher variety of agro-ecological zones (Figure 5-5). The former gives them an advantage in
terms of productivity while the latter diversifies the alternatives for crop planting and minimizes
market and climatic risks. Complementing agricultural activities, FHSs of this cluster also invest in
animal husbandry (Figure 5-5). Animal husbandry is a financial capital that, besides providing the
household with several products, is also a means of self-insurance for regaining capital and covering
short-term needs in case of agricultural failure. Here, improvements in the irrigation ratio could bring
about fast improvements in FHS livelihoods. Previous experience from Mexican ejido smallholders,
for example, indicates that one hectare of irrigated land increases household income by 17% among
the lower half of farm sizes (Cord et al. 1999; de Janvry and Sadoulet 2000).
Archetype 4. Less vulnerable cluster (Cluster 4), off-farm oriented FHSs
Eighteen percent of the population sample falls within this archetype. This group of off-farm
oriented FHSs has high values for cumulative adaptive capital, mainly due to the indicators of off-farm
employment, number of assets and frequent visits to the nearest city (Figure 5-5). The rather limited
availability of physical (irrigation) and natural (total farm area and agro-ecological zones) forms of
capital creates a need for alternative sources of income. This cluster has the lowest incidence of cropdamaging climatic hazards, even though it shows a comparatively higher frequency of excess rainfall
and droughts. Due to the fact that this cluster is specialized in off-farm employment and that the levels
of sensitivity and exposure are low, this cluster can be seen as less vulnerable.
Archetype 5. Least vulnerable cluster (Cluster 2), off-farm oriented FHSs
The least vulnerable archetype represents a quarter of the population sample (26%). For these
FHSs, off-farm activities play a major role while agriculture and animal husbandry are regarded as
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complementary activities (Figure 5-5). The high values for number of assets indicate better economic
conditions than the other clusters. This cluster is mostly made up of households living in the
communities of Santa Rosa and Huanchar (77%), which are located in the lower agro-ecological
zones. The closeness to the city of Concepción stimulates the involvement of FHSs in attractive nonfarm activities. Also, lower agro-ecological zones are characterized by better crop productivity and
the predominance of market-oriented agriculture. The few areas of land available are therefore likely
to be of good quality and are indeed highly irrigated (Figure 5-5).
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5.3. Effects of increased temperature on farm household
systems and on the agricultural landscape
This section analyzes the results of the simulation experiments performed using MPMAS-Andes.
Currently, a manuscript of these results is being prepared and will be presented for publication in the
Climate and Development research journal.
The first part of this Section presents the model analysis, i.e. the assessment of the sensitivity of
the main model output, in this case the FHS income, to changes in model parameters. The TRACE
(“TRAnsparent and Comprehensive model Evaludation”) document, contains further results on the
model development, testing, and analysis (see Appendixes A to C).
The second part of this Section reports on the agents that exited during a given simulation run
(e.g. due to bankruptcy). This needs to be taken into account when analyzing some of the model
outputs, for example, land use and income development over time.
Section 5.3.3 presents the model outcomes for the baseline scenario as a benchmark that will
be later on compared with the climate change scenario assessments.
The analysis of the model results at the farm household system (FHS) level is presented in the
fourth part of this Section. First, the FHS income and the main adaptative capitals modeled are
analyzed: labor (available household labor, off-farm employment and hiring of wage labor), farm
animals, plowing technologies (use of bulls and tractors) and access to credit. When presenting and
discussing these results, the author often presents them, i.a. by community and by vulnerability
cluster. Results on the former provide a perspective on how the vertical distribution of the evaluated
population and related operation of different agro-ecological zones influence the outcomes of
interest. The latter links the observed model outcomes to different archetypes of FHS vulnerability34,
and therefore informs on how different typologies of FHSs may perform over time and under different
temperature scenarios. The next part of the analysis (Section 5.3.5) investigates changes in the food
poverty position of FHSs resulting from an increase in temperature. At the same time, underlying
factors that are responsible for those changes are identified.
The effects of changes in temperature on the agricultural landscape is presented in Section
5.3.6. First, changes in land use in agriculture and forestry are analyzed by looking at the development
of each crop (including eucalyptus) and the development of farm animals (cattle, sheep, pigs and
guinea pigs) over time. Then, changes in the agricultural landscape for the different agro-ecological
zones contained in the study area are also analyzed.
It is important to consider when interpreting results that the aim of the model is to provide
insights into the effects of temperature on the landscape and on FHSs of the study area, including FHS
adaptation. The model is not, however, expected to provide an accurate forecast of future
development, i.e. answer a ‘what will it be like?’ type of question. On the contrary, it aims to gain an

The FHS archetypes used in the model parametrization correspond to the ones identified in the analysis of
FHSs’ vulnerability to climate related hazards (see Section 5.2.3).
34
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understanding of the influence of relevant processes and help to explore potential effects on FHS and
land-surface processes.

5.3.1. Model analysis
This section reports on the assessment of the sensitivity of the main model output, FHS income,
to changes in model parameters, and how well the emergence of the model output has been
understood. Given our experimental setup, we simulated the four different scenario settings using the
same Sobol’ sequence for 50 repetitions each. Results for the convergence of the average FHS income
in the baseline scenario and in the different climate change scenarios considering the last simulation
year are presented in Figure 5-8. After the variability in the first design points, the average FHS
income in the Sobol' sample converges to about 4250 nuevos soles in SSBSL_0 (baseline scenario,
with Sobol'), to about 5000 nuevos soles for SSCC1_0 (1.3°C ↑ by 2050, with Sobol') , to about 5250
nuevos soles for SSCC2_0 (1.3°C ↑ by 2043, with Sobol’) and to about 5480 nuevos soles for SSCC3_0
(1.3°C ↑ by 2038, with Sobol’). The 5th and 95th percentiles indicate that there is some variation in
average FHS income over repetitions, but also these percentiles converge so that we do not expect to
gain much more insight into the uncertainty band of values by running more repetitions.
Similarly, Figure 5-9 shows the cumulative mean and percentiles of the average difference in FHS
income for the last simulation period between the baseline and the climate change scenarios. In 90%
of the 50 repetitions, the average climate change effect in SSCC1_0 is about 820 +/- 320; for SSCC2_0
about 1080 +/- 400, and for SSCC3_0 about 1230 +/- 500 nuevos soles. The variability in the
cumulative percentiles of the average difference in FHS income for the last simulation period between
the baseline and the climate change scenarios shown in Figure 5-9 was further explored by carrying
out a sensitivity analysis to try to discern which values for the uncertain factors lead to higher and
which to lower differences. For this we applied a Wilcoxon-Mann-Whitney rank sum test to examine
whether there was a significant difference between the values of the input factors in the upper
quartile and the lower quartile of the outcome distribution. Since the results for single factors were
non-significant, we conclude that first-order effects, i.e. effects of individual factors, are not sufficient
to explain the shifts in the income differences, i.e. to explain the uncertainty in the model.
The seventh element of the TRACE model (see Appendix ‘A.7. Model Analysis’), contains the
convergence of the effect of climate variability over the Sobol' sequence, considering the average
change in FHS income over all periods and sample points.
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Figure 5-8. Convergence of agent income over the Sobol' sequence, considering the average change in
FHS income over sample points in the last simulation period.
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Figure 5-9. Convergence of the effect of climate variability over the Sobol' sequence, considering the
average change in FHS income over sample points in the last simulation period.
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5.3.2. FHS agent exits
In long-term simulations of the agricultural sector, the number of FHSs is likely to change between
periods due to agent exits (Troost 2014a). As this needs to be taken into account when analyzing land
use and income development over time, this subsection first describes the development of agent exits.
Over the course of the fifteen simulation periods, FHS agents exited due to illiquidity as well as
the death of the household head without a successor or lack of labor force. As shown in Table 5-4, the
total number of agents exiting the model in the 15 simulation years ranged between 77 and 111 over
the 50 repetitions (median 90.5) in the baseline scenario. Given 349 agents in the starting population,
this amounted to a compound annual loss rate of about 1.7% (min. 1.5% – max. 2.1%). This rate might
not be unrealistic, given the reported net migration rate of -7.8% and emigration rate of 18.4%
between 2002 and 2007 for the Junin Region (Maguiña 2009), corresponding to a compound annual
loss rate of -1.56% and 3.5% respectively.
In the model the majority of agent exits were due to illiquidity, ranging from 73% to 93% (median
82%) over the 50 repetitions. Less important reasons for agent exists were related to the dynamics
in the demography of the model: the lack of labor within the household (10-22%); the lack of a
potential successor after the household head dies (1-3%), and no household members left (1-4%).
The climate change scenarios showed a slightly lower number of agent exits, predominantly due to a
reduction in the number of bankruptcies. Factors related to the dynamics of the population were
unaffected by climate change, which is reflected by a very low or zero median difference between
baseline and climate change scenarios.
Since land markets were not simulated, the land owned by exiting agents could not be used by
other agents, leading to a reduction of the model area between the beginning and end of the
simulation. Moreover, other outputs like income and numbers of farm animals declined over time. To
facilitate the detection of other effects, results of the baseline scenario are shown only for those agents
that did not exit in a given repetition.
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Table 5-4. Statistics on agent exits over 50 repetitions in the baseline and climate change scenarios
med

SBSL_0
min

max

med

SCC1_0
min

max

med

SCC2_0
min

max

med

SCC3_0
min

max

Exiting agents

90.5

77.0

111.0

80.5

67.0

99.0

77.5

66.0

96.0

78.5

63.0

98.0

Bankrupcies

74.0

66.0

84.0

Δ Baseline
Share of exits
No household members left

No labour force

Succession failed

61.0

54.0

70.0

60.0

52.0

69.0

-13.0

-12.0

-14.0

-14.0

-14.0

-15.0

89%

79%

70%

90%

76%

66%

88%
5.0

93%

78%

68%

1.5

1.0

4.0

2.0

1.0

3.0

1.0

1.0

3.0

2.0

1.0

0.5

0.0

-1.0

-0.5

0.0

-1.0

0.5

0.0

1.0

2%

1%

4%

2%

1%

4%

1%

1%

4%

3%

1%

6%

14.00

9.00

20.00

15.00

10.00

22.00

14.50

10.00

20.00

15.50

9.00

21.00

1.0

1.0

2.0

0.5

1.0

0.0

1.5

0.0

1.0

27%

19%

13%

26%

20%

11%

27%
3.0

15%

10%

22%

19%

12%

1.0

1.0

3.0

1.0

1.0

2.0

1.0

1.0

3.0

1.0

1.0

0.0

0.0

-1.0

0.0

0.0

0.0

0.0

0.0

0.0

1%

1%

2%

1%

1%

4%

1%

1%

4%

Δ Baseline
Share of exits

72.0
-12.0

73%

Δ Baseline
Share of exits

55.0
-11.0

82%

Δ Baseline
Share of exits

62.5
-11.5

1%

1%

3%

5.3.3. System properties under current conditions
In this section the baseline state and the dynamics of the simulated system is characterized. The
aim of the analysis is to form the benchmark, which will be compared with the upcoming scenario
assessments. Moreover, the intention is to provide an overview of the behavior of the implemented
simulation model.
First, we report on the results at the FHS level, focusing on the development of the different
archetypes of climate vulnerability (vulnerability clusters) and for each community (highland-,
middle-, and lowland communities). Second, we look at the aggregated results to analyze changes in
land use, livestock, and income over the simulation periods. All results presented here are based on
50 repetitions for the baseline scenario.
(a) Results of the baseline scenario at the FHS level
The development of the main attributes of FHSs in the baseline scenario (SBSL_0) is presented for
the different archetypes of climate vulnerability (vulnerability clusters) and for each community
(highland-, middle-, and lowland communities) in Table 5-5 and Table 5-6 respectively. Start and end
values are the averages of the three first and three last simulation periods over agents and over 50
repetitions. For the analysis, only agents who did not exit in a given repetition are considered.
The average income per cluster decreases for the least (Cluster 2), less (Cluster 4) and averagely
(Cluster 0) vulnerable clusters by minus 3%, 5% and 16% respectively. By contrast, the highly
(Cluster 1) and most (Cluster 3) vulnerable clusters increase their average income by 29% and 35%
respectively. These variations might be explained by the initial parameter settings, e.g. initial
liquidity, but also by the model settings for access to off-farm labor: all agents, disregarding their
membership in clusters or communities, have the same level of access to off- farm employment, with
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an upper limit of 250 labor-days per year. Because of this, some FHS agents belonging to the less
(Cluster 4) and least (Cluster 2) vulnerable clusters, who in reality are highly specialized in off-farm
labour, might not be able to allocate more of their available labor to off-farm activities. Irrespective
of the changes in income within clusters and populations, the structure of income between them
remains unaffected: for clusters there is a decreasing average income with increasing vulnerability
and, for communities, there is a decreasing income at increasing altitudes.
The attribute “labor” indicates the average available working days per FHS. It is also a proxy for
population dynamics since more labor days per year suggests population growth. All
clusters/communities have an increase in average labor days per year, with this increase being higher
for communities at higher altitudes: 12%, 16% and 25% increases in labor for low, middle-access and
highland communities. The values for off-farm labor are more or less similar between units of study,
ranging from about 197 to 228 labor hours per year. When looking at highland communities, we
observe an increase in hired wage labor on the farm of 87% on average. This might seem like a shift
from own labor to hired labor, but hiring labor still only represents a very low proportion of the labor
(0.9% of FHS labor on average). Similarly, even though the amount of off-farm labor in highland
communities increases 11% on average, it shifts from representing 35% of available FHS labor at the
beginning of the model to representing 31% by the end.
An increase in the number of farm animals is observed for all clusters/communities. This
variation is caused by an increase in the average number of cattle and mostly of sheep. Credit, even
though in place, remains largely unused. This indicates that the conditions are not attractive and/or
that very few agents have access to credit.
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Table 5-5.Changes in the outcomes at the FHS level in the baseline scenario (no exiting agents): mean, lower quartile (lci), upper quartile (uci) and
median. Start and end values are the averages of the three first and last simulation periods respectively over all agents in a cluster over 50 repetitions.
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Table 5-6. Changes in the outcomes at the community level in the baseline scenario (no exiting agents):
mean, lower quartile (lci), upper quartile (uci) and median. Start and end values are the averages of the
three first and last simulation periods respectively over all agents in a community over 50 repetitions.

Changes in the agricultural land use, i.e. in the cultivation area of main crops, as well as changes
in animal production at the landscape level, are discussed in the following subsection. Similar results
but scaled at the FHS level, distinguishing between different vulnerability clusters and communities,
can be found in Appendix ‘E. Results at FHS level for the baseline scenario.’
(b) Aggregated results
Changes in outcomes in the baseline scenario are summarized in Table 5-7. Results are presented
only for those agents that did not exit in a given repetition. Further, changes in the total land use and
number of farm animals are presented in Table 5-8 in a more detailed manner. In both tables, start
and end values are the averages of the three first and last simulation periods respectively over 50
repetitions. The aggregated results presented per vulnerability cluster and per community can be
found in Appendix ‘F. Aggregated results for the baseline scenario.’
Looking at the results, a slight decrease in total income is observed. This could be attributed to
the initial model settings, as discussed in the previous section. FHS labor availability increases (16%
min. to 17% max.) suggesting population growth and/or more population members in working age.
Off-farm labor slightly decreases (average of minus 5%), and hiring wage labor to work in agriculture
increases (72% min. to 75% max.). Still, the latter represents only 1% of the available average FHS
labor, so it cannot be interpreted as a shift from using FHS labor to hiring wage labor; agricultural
and forest land remain unaffected.
The total number of farm animals increases between 50 and 52%. Looking at the composition of
farm animals (Table 5-8), it becomes apparent that this is associated with an increase in the number
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of cattle (6-8%) and sheep (198-206%) heads. The increase in the latter seems rather unexpected
and might be caused by the model being parametrized to consider a negligible land area requirement
for sheep. It might also be related to the lack of interannual variability in the model. Since there are
no “bad years” that cause a reduction in the number of farm animals (e.g. because of extreme weather
events that lead to increments in animal mortality or because they are sold off to cover expenses and
cope with crop failure), the animal stock increment is more than expected35.
Land use in agriculture is very dynamic. There is a decrease in the cultivated area of potato of
twenty-seven hectares. Responsible for this change is the decrease in the cultivation of the potato
variety “native,” which has an altitude range of 4000–4200m (land categories 18 and 19). Agents
reduce the cultivation of this potato parallel to the increase of their animal stock (cattle and/or
sheep), mainly to cover the expenses of having more farm animals but also to use the fallow land as
grazing areas for livestock. As explained in Figure 5-1, in the upper agro-ecological zones pastoralism
is more important than agriculture and therefore agents’ behavior can be seen as consistent with real
life.
The area for cultivation of olluco reduces by 7 hectares in average, which is related to some agents
increasing their stock of cattle and sheep. Agents relocate this area to grow oats and/or faba beans;
both are marketable products but, besides this, oat is an intermediate product for feeding livestock,
and faba bean has the advantage of producing high amounts of harvest residues that are also used
for feeding livestock.
In the model ryegrass is a perennial crop, which means that, once it occupies a farm plot, it
remains there until its productive life comes to an end. Some agents who were assigned ryegrass at
the model initialization replaced it later on with corn (leading to an average increase of 1.5 hectares
in corn area) or also (although to a lesser degree) with potato of the variety “yungay,” leading to an
average reduction in ryegrass of 3.3 hectares.
Fallow area increases by 22 ha. (10%), going from representing 56% of the total agricultural area
at the beginning to 62% by the end of the simulation. Eucalyptus plantations remain relatively stable
over time, with a slight reduction of about 1 hectare.
There is an increase in the use of bulls for plowing (16-18%) and a decrease in the use of tractors
(7-8% mean), which is caused by changes in the crop mix over time towards crop types that do not
require mechanized technologies.

In the model the annual weight gain specified for each animal takes into account the survival rate for each
type of animal under normal conditions but does not account for mortality due to unexpected events.
35
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Table 5-7. Changes in outcomes in the baseline scenario (no exiting agents). Start and end values are
the averages of the three first and three last simulation periods respectively over 50 repetitions.
Attribute

mean

lci

uci

median

1333.8
1293.7
-3%
146066.7
170101.2
16%
1010.1
1764.0
75%
37.2%
32.0%
-5%

1322.0
1269.1
-4%
144745.0
168491.9
16%
978.9
1709.2
75%
36.9%
31.6%
-5%

1345.5
1315.6
-2%
147270.9
171744.4
17%
1043.4
1799.2
72%
37.5%
32.3%
-5%

1333.4
1293.4
-3%
146106.3
170054.2
16%
1012.0
1751.0
73%
37.3%
32.0%
-5%

398.9

394.7

402.7

398.7

start
end
diff

125.0
1444.0
2182.2
51%

122.8
1434.0
2149.3
50%

127.1
1459.8
2216.8
52%

126.1
1446.2
2182.0
51%

Use of animals for
start
ploughing (days per end
year)
diff
Use of tractor for
start
ploughing (days per end
year)
diff
Credit
start
(nuevos soles)
end

440.0
516.7
17%
391.1
362.6
-7%
2.7
152.8

427.2
504.7
18%
384.8
355.5
-8%
0.0
0.0

453.2
526.9
16%
397.4
369.8
-7%
0.0
184.5

435.2
516.0
19%
392.1
361.9
-8%
0.0
0.0

Income
(thousands of
nuevos soles)
Labor
(days per year)
Hire-in wage labor
(days per year)
Off farm labor
(% of FHS available
labor days)
Agricultural land
(has.)
Forest land
(has.)
Farm animals
(Tropical Livestock
Units)

start
end
diff
start
end
diff
start
end
diff
start
end
diff
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Table 5-8. Changes in the total land use and number of farm animals in the baseline scenario (no exiting
agents). Start and end values are the averages of the three first and last simulation periods respectively
over 50 repetitions.

Crop type
Potato

Olluco

Corn

Oat

Faba bean

Ryegrass

Fallow

Eucalyptus

Animal type
Cattle

Sheep

Pig

Guinea pig

start
end
diff
start
end
diff
start
end
diff
start
end
diff
start
end
diff
start
end
diff
start
end
diff
start
end
diff

start
end
diff
start
end
diff
start
end
diff
start
end
diff

mean
88.04
61.22
-30%
26.58
19.92
-25%
6.46
7.92
23%
10.16
17.18
69%
10.42
16.80
61%
34.41
31.09
-10%
222.85
244.80
10%
14.60
13.53
-7%

Average crop area [hectares]
lci
uci
86.64
89.33
59.66
62.83
-31%
-30%
26.16
27.00
19.31
20.60
-26%
-24%
6.46
6.50
7.87
8.10
22%
25%
9.85
10.47
16.27
18.05
65%
72%
10.15
10.66
16.12
17.45
59%
64%
34.31
34.96
30.70
31.51
-11%
-10%
220.27
225.28
242.64
247.45
10%
10%
14.32
14.84
13.26
13.83
-7%
-7%

median
88.21
60.99
-31%
26.51
19.93
-25%
6.50
8.01
23%
10.07
17.06
70%
10.43
16.76
61%
34.68
31.21
-10%
223.07
244.68
10%
14.62
13.53
-7%

Average number of farm animals [heads]
mean
lci
uci
median
1368.15
1349.58
1387.25
1367.67
1467.43
1436.67
1495.33
1467.83
7%
6%
8%
7%
3673.02
3607.42
3744.58
3670.00
11126.19
10746.42
11447.25
11174.17
203%
198%
206%
204%
311.44
305.92
316.98
311.46
64.80
61.45
68.24
64.95
-79%
-80%
-78%
-79%
5669.37
5571.44
5747.48
5674.94
2937.75
2819.55
3058.68
2930.43
-48%
-49%
-47%
-48%

159

5.3.4. Effects of climate change on farm household systems
The effects of climate change on farm household systems (FHSs) in the study area, derived from
the comparison of the climate change scenarios (SCC1_0, SCC2_0 and SCC3_0) and the baseline, are
presented in this section. The analysis focuses on FHS income and on the main adaptative capitals
modeled: labor (available household labor, off-farm employment and hiring of wage labor), farm
animals, plowing technologies (use of bulls and tractors) and access to credit. Similar results,
aggregated and analyzed at landscape level, are presented in Appendix ‘G. Results for climate change
scenarios at the landscape level.’
To facilitate the detection of variations between different typologies of FHS, the current analysis
is conducted at the cluster level. Further, to gain insights into altitudinal and territorial variations in
the observed outcomes, results are also reported and interpreted at the community level. The results
are based on the analysis of 50 repetitions of the baseline scenario and 50 repetitions of each climate
change scenario.
Looking at the development of some outputs over time, we observe some variations that are
explained by the model parametrization and should not be interpreted as model results. For instance,
this is the case of the unusual decrease in income during the periods 2017-2018 and 2023-2024,
which is observed for all scenarios (see Figure 5-10, 1st graphs from the top). This pattern is explained
by the investment of agents in ryegrass, which is a perennial crop that has a production cycle of 5
years, with no yield during the first cultivation year and a fallow year at the end of its production
cycle. Many agents invest in ryegrass during the first year of the simulation; therefore, they all get a
two year zero-yield in the 5th simulation period. In those years, agents are especially affected since
they rely on ryegrass not only as a cash crop but also as one source (though not the only one) of
fodder for livestock feeding. Similarly, although less extreme, after the completion of the second lifecycle of ryegrass (2023 to 2024), the same pattern of reduction in FHS income is observed. In reality,
this effect would be spread over the years for which a smoother income curve would be expected. To
avoid undesirable effects of year-to year variability in the model, such as the one explained above,
and to better depict differences that are expected to prevail in the future, the results for differences
between baseline and climate change scenarios are derived from the averages of the last six
simulation years.
(a) Income at FHS level
The income loss through exiting agents leads to generally declining income over simulation
periods. To facilitate the detection of other effects, results are presented only for those agents who
did not exit in a given repetition. Figure 5-10 shows the development of FHS income over the
simulation periods for the baseline scenario (SBSL_0) and for the climate change scenarios (SCC1_0,
SCC2_0 and SCC3_0) for non-exiting agents.
During the first five simulation years, income development is similar for all scenarios. After this,
tendencies for climate change scenarios differentiate from the baseline (Figure 5-10, 1st and 2nd
graphs from the top), showing all a positive trend while income in the baseline scenario slightly
decreases. For the last six simulation years we observe a positive impact of climate change on the
development of the income at the FHS level, with a better performance in scenarios that have a faster
increase in temperatures. Specifically, there is an average improvement in income of 14%, 17% and
20% relative to the baseline scenario for SCC1_0, SCC2_0 and SCC3_0 respectively.
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Furthermore, the results for differences in FHS income per vulnerability cluster (Figure 5-10, 3rd
graph from the top) allow the reader to form a clearer idea of the differential effect of climate change
on different FHS typologies. Different groups are able to profit from climate change to a larger extent
than others. “Highly vulnerable” FHSs are the ones whose increase in income, in comparison to the
baseline scenario, is the least: in all cases with a mean of less than 10%. “Most vulnerable” FHSs are
able to profit from climate change, in a range that goes from an average of about 14% in SCC1_0 to
about 18% in SCC2_0. “Averagely vulnerable” FHSs are the ones which get the best response to
climate change, with a mean income rise of about 20% in SCC1_0, 27% in SCC2_0 and 32.5% in
SCC3_0. As results later on will suggest (Section 5.3.6(a) and 5.3.6(c)), this positive development is
a reflection of two main developments: first, a higher accumulation of assets in the form of farm
animals, and, second, changes in the crop mix. Due to changes in the productivity of crops in the
different climate change scenarios, agent FHSs in the “averagely vulnerable” cluster were able (and
chose) to partially shift their agricultural production from potato and oats to corn, olluco and faba
bean, getting better economic results.
The results for differences in FHS income per community (Figure 5-10, bottom graph) show that
the positive effect of climate change on FHS income increases for communities the higher their
location. This trend can be explained by the increase in the land productivity in upper agro-ecological
zones, which on the one hand increases the productivity of natural grasslands, fostering the increase
in the livestock herd size, and on the other hands also allows agents to plant more profitable crop
varieties.
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Figure 5-10. Income per FHS. SBSL_0: baseline scenario; SCC1_0: +1.3°C by 2050; SCC2_0: +1.3°C by
2043; SCC3_0: +1.3°C by 2038. Top graph: Development over simulation periods for scenarios SBSL_0,
SCC1_0, SCC2_0 and SCC3_0. Second graph from the top: Relative average difference between baseline
and climate change scenarios. Third graph from the top: Average difference per vulnerability clusters
between baseline and climate change scenarios for the last 6 simulation periods. Bottom graph: Average
difference per community between baseline and climate change scenarios for the last 6 simulation
periods. All graphs represent averages for non-exiting agents over 50 repetitions.
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(b) Adaptive capitals of FHS
Similar to income, the loss of adaptive capitals through exiting agents leads to generally declining
values over simulation periods. To facilitate the detection of other effects, results are presented only
for those agents who did not exit in a given repetition.
Labor
The simulation results for the development of FHS labor in the baseline scenario (SBSL_0), and
climate change scenarios (SCC1_0, SCC2_0_ and SCC3_0), are presented in Figure 5-11. Further,
Figure 5-12 shows results for the development of off-farm employment and Figure 5-13 presents the
development of FHSs’ hiring of wage labor. All figures are structured in a similar way, displaying from
top to bottom: (i) the development over simulation periods for baseline and climate change
scenarios; (ii) the relative average difference between baseline and climate change scenarios; (iii)
the average difference per vulnerability clusters between baseline and climate change scenarios for
the last 6 simulation periods; and (iv) the average difference per community between baseline and
climate change scenarios for the last 6 simulation periods. In all cases, graphs represent averages for
non-exiting agents over 50 repetitions.
In all scenarios the amount of available labor per FHS develops similarly (Figure 5-11,1st and 2nd
graphs from the top). This is to be expected since the population dynamics do not vary between
scenarios and therefore small differences are attributed to differences in the amount of agent exits
between scenarios (see Table 5-4). An overall increase in the amount of FHS labor over time is
observed, which is consistent with population growth. Next, we looked at the average differences
between baseline and climate change scenarios in the different vulnerability clusters for the last 6
simulation periods (Figure 5-11, 3rd graph). We observed that the larger increase in labor occurs for
“less vulnerable” FHSs, ranging from an increase of about 37.5 labor days for both SCC1_0 and SCC3_0
to about 50 labor days for SCC2_0. At the community level, the greatest increase in labor days
corresponds to the highland community, which shows an increment of about 48 labor days for
SCC1_0 to about 58 labor days for SCC2 and SCC3. For middle-access communities there is no
increase in labor with regard to the baseline scenario. Differences at cluster and community levels
can also be attributed to the initial population settings and population dynamics.
Changes in off-farm employment are presented in Figure 5-12. During the first simulation years
there is an increase in off-farm employment per FHS in all scenarios, reaching a peak in 2016 for
scenarios SCC2_0 and SCC3_0, and in 2017 for the baseline scenario and scenario SCC1_0. After this,
the tendency inverts, revealing a steady decrease in off-farm labor for all scenarios. This decrease is
less steep in the baseline scenario, which still shows by the end of the simulation period values
slightly higher that the initial ones. For all climate change scenarios, the decrease in off-farm
employment occurs at a much faster speed, signalizing that the main factor for this are changes in the
productivity of land, leading FHSs to focus in on-farm activities. Looking at off-farm employment in
different vulnerability groups (Figure 5-12, 3rd graph from the top), we notice that clusters that had
a better performance in income with climate change also had the greatest decrease in off-farm
employment. This is the case of the “averagely vulnerable” cluster. Conversely, “highly vulnerable”
FHSs which had the lowest increase in income in all climate change scenarios, also had the lowest
average decrease in off-farm labor (only about -2 labor days). The observed changes are consistent
with on-farm activities gaining relevance in the generation of FHS income.
Finally, Figure 5-13 presents the simulation results for the amount of wage labor hired per FHS
in the baseline scenario (SBSL_0) and climate change scenarios (SCC1_0, SCC2_0_ and SCC3_0). The
average amount of hired wage labor increases over time but remains low across all scenarios, not
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exceeding eight labor days in any scenario or simulation period. Bottom values in years 2017 and
2023 are, similarly to income, related to the cultivation of ryegrass: since many agents invest in
ryegrass at the beginning of the model run, once the lifetime of the crop finishes, those agents have a
fallow period at the same time, during which the requirement of hired wage labor is reduced. The
rather modest increase in hired wage labor over time is quite relevant, considering that the model
reflects the monthly demand in wage labor per year, which allows us to recreate typical labor peaks
during planting or harvesting seasons, for example. Results suggest, therefore, that, under an
expected increase in on-farm activities over time, FHSs would still be able to cover their labor needs
within the household.
To get a finer view of differences between baseline and climate change scenarios, we analyzed
results at the cluster level (Figure 5-13, 3rd graph from the top). Changes in farm animals remain close
to zero for all vulnerability clusters in all scenarios. Only “less vulnerable” FHSs, which depend to a
lesser extent on agriculture, have the greatest decrease in hired labor demand, of about -1.2 labor
days over the last 6 simulation years in comparison to the baseline scenario. Similarly, in the analysis
at the community level (Figure 5-13 bottom graph), average differences between baseline and
climate change scenarios remain close to zero for all communities, with a higher variability for FHS
in the highland community.
Farm animals
The development of farm animals at the FHS level in the baseline (SBSL_0) and climate change
scenarios (SCC1_0, SCC2_0_ and SCC3_0) are presented in Figure 5-14 . The figure shows from top to
bottom: (i) the development of the average number of farm animals per FHS, expressed as tropical
livestock units (TLU), over simulation periods for baseline and climate change scenarios; (ii) the
relative average difference in farm animals between baseline and climate change scenarios; (iii) the
average difference per vulnerability clusters between baseline and climate change scenarios for the
last 6 simulation periods; and (iv) the average difference per community between baseline and
climate change scenarios for the last 6 simulation periods. All graphs represent averages for nonexiting agents over 50 repetitions.
In all scenarios, animal stock increases in a similar manner, with differences between baseline
and climate change scenarios remaining below 2.5% until 2022. After this, the relative increase in
farm animals per FHS increases, observing a mean difference of 5%, 7% and 8% between the baseline
scenario and SCC1_0, SCC2_0 and SCC3_0 in the last six simulation years. Additionally, a decrease in
animal herd size in the second simulation year is observed in all scenarios. This behavior is related
to the initial model parametrization, i.e. the initial assignment of farm animals to agents.
The analysis at the cluster level (Figure 5-14, 3rd graph from the top) show that “averagely
vulnerable” FHSs have the biggest positive difference in the number of farm animals in all climate
change scenarios relative to the baseline scenario. Still, in all cases this difference represents on
average less than one tropical livestock unit. Results at the community level (Figure 5-14, bottom
graph) show no big differences between baseline and climate change scenarios. Only highland
communities have a slightly higher number of farm animals than lower communities.
Even though there seem to be minor changes in the number of farm animals, there are changes
in the composition of the herd, i.e. in the number and type of farm animals. These changes are
discussed in Section 5.3.6(c).
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Figure 5-11. FHS labor. SBSL_0: baseline scenario; SCC1_0: +1.3°C by 2050; SCC2_0: +1.3°C by 2043;
SCC3_0: +1.3°C by 2038. Top graph: development over simulation periods for scenarios SBSL_0, SCC1_0,
SCC2_0 and SCC3_0. Second graph from the top: relative average difference between baseline and
climate change scenarios. Third graph from the top: average difference per vulnerability clusters
between baseline and climate change scenarios for the last 6 simulation periods. Bottom: average
difference per community between baseline and climate change scenarios for the last 6 simulation
periods. All graphs represent averages for non-exiting agents over 50 repetitions.
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Figure 5-12. Off-farm employment per FHS. SBSL_0: baseline scenario; SCC1_0: +1.3°C by 2050; SCC2_0:
+1.3°C by 2043; SCC3_0: +1.3°C by 2038. Top graph: development over simulation periods for scenarios
SBSL_0, SCC1_0, SCC2_0 and SCC3_0. Second graph from the top: relative average difference between
baseline and climate change scenarios. Third graph from the top: average difference per vulnerability
clusters between baseline and climate change scenarios for the last 6 simulation periods. Bottom:
average difference per community between baseline and climate change scenarios for the last 6
simulation periods. All graphs represent averages for non-exiting agents over 50 repetitions.
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Figure 5-13. Hired wage labor per FHS. SBSL_0: baseline scenario; SCC1_0: +1.3°C by 2050; SCC2_0:
+1.3°C by 2043; SCC3_0: +1.3°C by 2038. Top graph: development over simulation periods for scenarios
SBSL_0, SCC1_0, SCC2_0 and SCC3_0. Second graph from the top: relative average difference between
baseline and climate change scenarios. Third graph from the top: average difference per vulnerability
cluster between baseline and climate change scenarios for the last 6 simulation periods. Bottom:
average difference per community between baseline and climate change scenarios for the last 6
simulation periods. All graphs represent averages for non-exiting agents over 50 repetitions.
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Figure 5-14. Number of farm animals (Tropical Livestock Units) per FHS . SBSL_0: baseline scenario;
SCC1_0: +1.3°C by 2050; SCC2_0: +1.3°C by 2043; SCC3_0: +1.3°C by 2038. Top graph: development over
simulation periods for scenarios SBSL_0, SCC1_0, SCC2_0 and SCC3_0. Second graph from the top:
relative average difference between baseline and climate change scenarios. Third graph from the top:
average difference per vulnerability clusters between baseline and climate change scenarios for the last
6 simulation periods. Bottom: average difference per community between baseline and climate change
scenarios for the last 6 simulation periods. All graphs represent averages for non-exiting agents over
50 repetitions.

168

Technologies for plowing / tillage
The simulation results for the use of animal force (bulls) for plowing/tillage per FHS in the
baseline (SBSL_0) and climate change (SCC1_0, SCC2_0 and SCC3_0) scenarios are summarized in
Figure 5-15. Further, the results regarding the use of tractors for plowing and tillage are presented
in Figure 5-16. While plowing/tillage with bulls is less expensive and can also be used in steeper
landscapes, using a tractor is more time-effective but restricted to more or less flatter areas. In both
figures, results are displayed from top to bottom as follows: (i) the development over simulation
periods for scenarios SBSL_0, SCC1_0, SCC2_0 and SCC3_0; (ii) the relative average difference
between baseline and climate change scenarios; (iii) the average difference per vulnerability clusters
between baseline and climate change scenarios for the last 6 simulation periods; and (iv) the average
difference per community between baseline and climate change scenarios for the last 6 simulation
periods. All graphs represent averages for non-exiting agents over 50 repetitions.
For the baseline scenario, no major changes in the use of bulls for plowing is observed over the
simulation (see Figure 5-15, top graph). On the contrary, climate change scenarios show a dynamic
pattern. There are no significant changes during the first four to five simulation periods, followed by
about three years of decrease and then a rise in the demand of bulls for plowing. For all climate
change scenarios, this decrease is mainly related to a reduction in the cultivation of oats, which uses
bulls as the only technology for tillage/plowing. The following increase is explained by the gain in the
cultivation area of the faba bean, which only uses bulls for plowing. Looking at the different
vulnerability groups (Figure 5-15 3rd graph from the top), we observe that the “averagely vulnerable”
FHSs have the highest increase in bulls plowing, of about one day in SCC1_0 to a little less than two
days in SCC3_0 for the last six simulation periods. A divergent behavior is observed in “most
vulnerable” FHSs, which show a decrease of about 0.8 days in all climate change scenarios for the
same time period.
The results regarding the use of tractors for plowing and tillage in the baseline and climate
change scenarios are presented in Figure 5-16. During the first simulation years, the development in
the use of tractors remains relatively homogeneous among scenarios. Later on, while the baseline
scenario remains comparatively stable over time, the climate change scenarios show a steep increase
in the use of tractors. The increase coincides with the expansion in the area of corn, which uses
tractors for plowing. The observed increase is similar among all climate change scenarios, only
occurring slightly faster in SCC2_0 and SCC3_0. The analysis of the average difference per
vulnerability clusters between baseline and climate change scenarios for the last six simulation
periods (Figure 5-16, 3rd graph from the top) show that the highest increase is in the “averagely
vulnerable” cluster, of about 1.8 additional hours, while the lowest, of only about 0.2 hours, occurs in
the “highly vulnerable” cluster. When analyzing the community level (Figure 5-16, bottom graph),
the highest observed increment in the use of tractors corresponds to the highland community, about
1.8 more hours in all scenarios. The increase is only 1.2 hours on average in the middle-access
community and about 0.5 hours in the lowland community.
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Figure 5-15. Use of animal plowing per FHS. SBSL_0: baseline scenario; SCC1_0: +1.3°C by 2050; SCC2_0:
+1.3°C by 2043; SCC3_0: +1.3°C by 2038. Top graph: development over simulation periods for scenarios
SBSL_0, SCC1_0, SCC2_0 and SCC3_0. Second graph from the top: relative average difference between
baseline and climate change scenarios. Third graph from the top: average difference per vulnerability
clusters between baseline and climate change scenarios for the last 6 simulation periods. Bottom:
average difference per community between baseline and climate change scenarios for the last 6
simulation periods. All graphs represent averages for non-exiting agents over 50 repetitions.
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Figure 5-16. Use of tractors for plowing per FHS. SBSL_0: baseline scenario; SCC1_0: +1.3°C by 2050;
SCC2_0: +1.3°C by 2043; SCC3_0: +1.3°C by 2038. Top graph: development over simulation periods for
scenarios SBSL_0, SCC1_0, SCC2_0 and SCC3_0. Second graph from the top: relative average difference
between baseline and climate change scenarios. Third graph from the top: average difference per
vulnerability clusters between baseline and climate change scenarios for the last 6 simulation periods.
Bottom: average difference per community between baseline and climate change scenarios for the last
6 simulation periods. All graphs represent averages for non-exiting agents over 50 repetitions.
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Credit
The results on the use of credit by FHSs in the baseline and climate change scenarios are shown
in Figure 5-17. The figure displays from top to bottom: (i) the development in the amount of credit
taken by FHSs over simulation periods for all scenarios; (ii) the relative average difference between
baseline and climate change scenarios; (iii) the average difference per vulnerability clusters between
baseline and climate change scenarios for the last 6 simulation periods; and (iv) the average
difference per community between baseline and climate change scenarios for the last 6 simulation
periods. All graphs represent averages for non-exiting agents over 50 repetitions.
In all scenarios the amount of credit is close to zero, with negligible differences between scenarios
and across vulnerability clusters and communities. The lack or poor access to credit is not uncommon
among resource-constrained farmers (Chambers and Conway 1992; Ali et al. 2014; Awotide et al.
2015), and this also applies to the FHSs under study. Poor access to credit is related to adverse effects
on farm productivity, farm investment, and farm profit (Awotide et al. 2015). Because of this,
improved credit schemes that are able to reach resource-constraint farmers hold the potential to
achieve improvements in the economic status of the population studied. A good starting point could
be looking at credit possibilities with more flexible standards within the semi-formal sector, defined
as comprising cooperatives, input suppliers, micro-finance institutions, and NGOs (Ali et al. 2014).
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Figure 5-17. Use of credit per FHS. SBSL_0: baseline scenario; SCC1_0: +1.3°C by 2050; SCC2_0: +1.3°C
by 2043; SCC3_0: +1.3°C by 2038. Top graph: development over simulation periods for scenarios SBSL_0,
SCC1_0, SCC2_0 and SCC3_0. Second graph from the top: relative average difference between baseline
and climate change scenarios. Third graph from the top: average difference per vulnerability clusters
between baseline and climate change scenarios for the last 6 simulation periods. Bottom: average
difference per community between baseline and climate change scenarios for the last 6 simulation
periods. All graphs represent averages for non-exiting agents over 50 repetitions.
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(c) Summary of main outcomes for adaptive capitals at the FHS level
This section presents a summary of the main outcomes for adaptive capitals at the FHS level for
climate change scenarios (Figure 5-18). All results correspond to changes from the baseline scenario,
averaged for the last six simulation periods and over 50 repetitions for each scenario, considering
only agents that did not exit in a given repetition. Overall, we observe a gradient in the effects of
climate change on most of the analyzed outcomes. This gradient follows the speed of land-use change
caused by expected increases in temperatures in the different climate change scenarios.


The average income increases 14% (686 nuevos soles), 17% (852 nuevos soles), and 20%
(1021 nuevos soles) in scenarios SCC1_0, SCC2_0 and SCC3_0 in comparison with the baseline
respectively. A higher average FHS income with climate change is explained, first, by changes
in the productivity of crops, which lead some FHSs to choose a different crop mix in
agricultural production; and, second, by FHSs being able to accumulate on average a higher
number of farm animals.



Labor shows a similar increase among all scenarios, which is to be expected considering that
the model settings for the population dynamics do not vary between scenarios; positive
changes in the total labor availability can be attributed to fewer agent exits, which suggests
less migration under climate change conditions.



Off-farm employment decreases in all climate change scenarios: -3% (7 labor days) in SCC1_0,
-4% (9 labor days) in SCC2_0, and -5% (10 labor days) in SCC3_0. This behavior points to an
intensification of on-farm activities.



The amount of hired wage labor decreases over time in all climate change scenarios, even
though changes remained overall at a low level; thus, even under a predicted intensification
of on-farm activities, FHSs would still able to cover their labor needs without having to invest
in wage labor.



The average number of farm animals per FHS in comparison with the baseline scenario
increases only slightly: 5%, 7% and 8% for SCC1_0, SCC2_0 and SCC3_0 respectively.



As far as plowing is concerned, both semi-mechanized techniques using bulls, as well as
mechanized agriculture using tractors, increase in all climate change scenarios. Yet the
increment in both cases is modest: animal plowing increases on average to a minimum of
about 0.2 labor days in SCC1_0 to a maximum of about 0.6 labor days in SCC3_0. For tractors
the average increase ranges from about 1.6 hours in SCC1_0 to 1.1 in both SCC2_0 and SCC3_0.
Changes in the use of animals and tractors for plowing over time is related to the variation in
the type and area of crops that agents cultivate.



Finally, credit in all scenarios remains close to zero, with no major changes observed over the
simulation runs.
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Figure 5-18. Summary of the absolute differences of main outcomes at the FHS level between baseline
and climate change scenarios: income (nuevos soles), farm animals (tropical livestock units), labor
(labor days), animal plowing (labor days), tractors (hours), credit (nuevos soles). Averages over nonexiting agents in the last six simulation periods.
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5.3.5. Changes in the food poverty position of farm household systems
In order to assess the effects of climate change on food security, we look at the results for
minimum household consumption (expressed as minimum expenditure). Table 5-9 matches the
poverty position of agents in the baseline and climate change scenario (SCC1_0), in terms of their
ability to cover their basic food needs. For instance, the row sum in the first line (14.5%) indicates
the average share of agents that were categorized as “always” below the extreme poverty line, i.e.
more than 75 percent of the time, in the baseline scenario. Likewise, the column sum in the first
column (13%) indicates the share of agents who were “always” below the extreme poverty line in
the climate change scenario. In the diagonal we find agents whose poverty position did not change
between scenarios. For example, we observe that 13% of agents “always” remained below the
extreme poverty line in both baseline and climate change scenarios. Interestingly, with climate
change, 1.5% of agents improved their position from being “always” to being only “often” below the
extreme poverty line.
For agents whose poverty position changed with climate change (SCC1_0), the main outcome
variables were compared to outcome variable of agents whose poverty position remained constant
(Table 5-10). Looking at the output variables of agents who improved their poverty food position to
being “often” below the extreme poverty line with climate change, we observe that, on average, they
had more agricultural land area, hired more wage labor and used more mechanized technologies
(tractors) than their peers, whose poverty position remained unchanged. Moreover, they were more
engaged in off-farm employment, and had less household labor, which could also mean that they had
fewer family members, i.e. fewer mouths to feed.
Table 5-9 shows that 21.3% of all agents were “never” under the extreme poverty line in both
constant and climate change conditions. For this group of households, climate change had no negative
effect. On the other hand, for 2.4% of all agents, there was a detrimental effect of climate change,
changing their food poverty position from “never” to “rarely” poor. These agents “never” experienced
extreme poverty without climate change but were driven at least sometimes below the extreme
poverty line under climate change. As depicted in Table 5-10, agents changing their food poverty
position from “never” to “rarely” extremely poor had a lower forest land area, had less total
household labor, and had more access to credit than agents who remained “always” above the
extreme poverty line in both baseline and climate change scenarios.
Table 5-9 also shows that 20.7% of all agents who were “rarely” under the extreme poverty line,
remained unaffected under climate change conditions. Also, 6.8% of all agents changed from this
category in the baseline to “never” being under the extreme poverty line with climate change. Agents
who improved their position to “never” being under the poverty line in all periods and all scenarios
had, on average, more assets than their peers, who stayed as “rarely” under the extreme poverty line:
larger surface of agricultural and forest land and higher numbers of farm animals. Moreover, they
hired more wage labor, and conducted more mechanized agriculture (use of tractors). Interestingly,
at the same time a small proportion (0.3%) off all agents changed from being “rarely” to being “often”
below the extreme poverty line.
On average, 14.5% and 13% of all agents were “always,” and 32.5% and 34% were “often” below
the extreme poverty line in the baseline and climate change scenario respectively. Changes with
climate change, therefore, seem not to be extreme. These values are similar to the extreme poverty
values reported by the INEI (2012) for rural areas of the “sierra” region for 2010, 27.6%, suggesting
that, under the characteristics reflected in the model for the analyzed scenarios, there would not be
any significant improvement in the poverty conditions of the simulated population over the modeled
176

time period. Another result worth noticing is that, while some agents are better-off with climate
change, the food poverty position of other agents deteriorates. This supports the hypothesis that,
while some households might be able to profit from the new climate conditions (at least in the short
to medium term), others might not be able to benefit from or will do worse with climate change.

Table 5-9. Food poverty position of agents with and without climate change. Values are based on the
pairwise comparison of each agent’s consumption expenditure in all 50 repetitions and 15 years using
identical initialization seeds in both scenarios.
Baseline
All values in percent
Agents always (>75%) below the extreme poverty
line in all repetitions and years
Agents often (25% < x < 75%) below the extreme
poverty line in all repetitions and years
Agents rarely (<25%) below the extreme poverty line
in all repetitions and years
Agents never (0%) below the extreme poverty line in
any repetitions and years
Column sums

Climate change scenario SCC1_0
Row sums
Always
Often
Rarely
Never
13.0

13.0

1.5(i)

14.5

30.8

3.3(ii)

0.3

20.7

6.8(iii)

27.8

2.4(iv)

21.3

23.7

26.3

28.1

100.0

32.5

34.0

Note: cells are indexed as follows: (i) agents that are always below the extreme poverty line without
climate change, but often below the extreme poverty line with climate change, (ii) agents that are often
below the extreme poverty line without climate change, but rarely below with climate change; (iii)
agents that are rarely below the extreme poverty line without climate change, but never below with
climate change; (iv) agents that are never below the extreme poverty line without climate change but
rarely below with climate change.
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Table 5-10.Comparison of agents whose poverty position changed with climate change (scenario SCC1_0). Shaded columns contain values of output
variables of agents whose poverty position remain constant, while non-shaded columns refer to the indexed cells in Table 5-9, i.e. to values of output
variables of agents whose poverty position changed with climate change. The Wilcoxon Rank Sum test (equivalent to the Mann-Whitney test) has the null
hypothesis that the distributions of “x” and “y” differ by a location shift of zero and the alternative is that they differ by some other location shift. “x” is the
vector of values of the output variable of agents that remained in a given category, and “y” is the vector of values of the output variable of agents that
changed their poverty position with climate change (e.g. “x” and “y” are the vectors of the output variable “total agricultural land” in the categories
“always poor” and “always to often” respectively). Results of the Wilcoxon Rank Sum test are reported as follows: * Significance at 10% level;
**Significance at 5% level; ***Significance at 1% level. Non-parametric testing was used as variable means do not represent well the centers of
distribution.
Variable

Total agricultural land
(hectares)

Always poor
Mean
Median
(SD)
0.3
0.2
0.4

(i) Always to Often

Often poor

(ii) Often to Rarely

Rarely poor

(iii) Rarely to Never

(iv) Never to Rarely

Never poor

Mean
Median
(SD)

Mean
Median
(SD)

Mean
Median
(SD)

Mean
Median
(SD)

Mean
Median
(SD)

Mean
Median
(SD)

Mean
Median
(SD)

0.7*
0.3
0.7

0.9
0.6
0.8

1.3*
1.4
0.9

1.2
0.9
0.9

2.6***
2.8
1.3

1.2
1.4
0.7

2.3
1.7
2.2

Forest land
(hectares)

0.4
0.2
0.5

0.6
0.3
0.6

0.4
0.3
0.6

0.8
0.4
1.4

0.4
0.3
0.4

0.5*
0.3
0.6

0.3*
0.3
0.1

0.6
0.4
0.6

Farm animals
(tropical livestock units)

5.5
4.9
3.0

6.6
5.7
2.5

6.8
6.9
2.9

7.2
7.0
2.5

7.3
6.8
3.0

8.6**
8.7
2.8

8.1
8.4
1.4

8.7
8.6
3.4

Total household labor
(labor-days)

759.2
803.5
226.6

590.9*
589.3
175.7

656.1
655.7
205.3

697.2
672.0
210.7

561.1
547.2
148.9

600.3
591.3
142.3

477.9***
470.3
30.5

588.1
557.0
116.7

Off-farm employment
(labor-days)

207.9
247.9
86.4

150.8*
145.0
103.6

197.0
241.0
77.4

217.2
245.9
74.8

199.8
229.2
71.1

204.2
224.7
64.4

194.6
196.7
49.8

204.9
219.6
52.2

Hired wage labor
(labor-days)

0.0
0.0
0.0

0.4***
0.1
0.5

1.1
0.0
4.0

0.4
0.0
0.8

3.8
0.8
7.3

5.4**
3.2
5.3

7.8
3.4
11.8

13.8
4.9
38.3

Credit
(1 = has access)

0.0
0.0
0.2

0.0
0.0
0.0

0.0
0.0
0.2

0.1
0.0
0.3

0.0
0.0
0.2

0.0
0.0
0.2

0.1*
0.0
0.4

0.0
0.0
0.1

Use of tractor for ploughing
(hours)

0.6
0.3
1.1

0.9**
1.0
0.5

1.2
0.5
1.9

1.5
1.8
1.3

1.1
0.6
1.8

3.5***
3.5
2.3

1.5
0.9
1.9

3.8
2.3
5.6

Use of bulls for ploughing
(days)

0.6
0.3
0.7

0.9
0.7
0.7

1.2
0.9
1.3

1.9
1.1
2.3

1.4
1.3
1.3

2.8
2.7
1.8

2.0
1.3
1.8

2.3
1.9
2.3

Number of agents

44

5

104

11

70

23

8

72
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Table 5-11 matches the food poverty position of agents per vulnerability cluster with and without
climate change. The majority of agents in the most vulnerable cluster are categorized as “always” or
“often” below the extreme poverty line, summing up to 72.6% and 69.9% in the baseline and climate
change scenarios respectively. At the same time, no agents in this cluster decreased their food poverty
status with climate change; on the contrary, 4.1% are lifted from “always” to “often” being below the
extreme poverty line, 2.7% from “often” to “rarely”, and 2.7% from “rarely” to “never” experiencing
extreme poverty.
Similarly, agents in the highly vulnerable cluster had 72.5% of all its members falling in the
categories of “always” or “often” below the extreme poverty line, in both constant and climate change
conditions. Most of the agents in this cluster remained unaffected by climate change, neither
improving nor worsening their poverty status.
Agents whose food poverty position deteriorated the most with climate change belong to the less
vulnerable cluster. In this cluster, 7.1% of agents went from “never” to “rarely” being below the
extreme poverty line. Agents who changed their poverty position from “never” to “rarely” being below
the extreme poverty line had, on average, less agricultural land, less labor, used more animal force
and less tractor force for plowing and had no credit access as compared with their peers, who
“always” remained above the poverty line in both constant and climate change conditions.
The “averagely vulnerable” cluster had no agents categorized as “always” poor. Also, agents in this
cluster had the greatest percentage of agents improving their food poverty position, in total 20.8%
(6.2% of the total population): 1% of agents changed categories from “always” to “often” below the
extreme poverty line, 4.2% of agents were lifted from “often” to “rarely” below the extreme poverty
line and 15.6% improved from being “rarely” to “never” being below the extreme poverty line.
Similarly, climate change had an overall positive effect for agents in the “least vulnerable” cluster:
1.4% of agents improved from “always” to “often” below the extreme poverty line, 5.5% of agents
went from “often” to “rarely” being below the extreme poverty line and 5.5% from “rarely” to “never”
being below the extreme poverty line, showing a better food position with climate change.
The analysis at the community level presented in Table 5-12 shows that the highland community
continues to have the larger proportion of its agent population “always” or “often” below the extreme
poverty line, 73.5% and 75.5% in the baseline and in the climate change scenarios respectively, with
neither significant improvement nor deterioration of their poverty status. The greatest improvement
in food poverty position is observed in the middle-access community, which has 9.1% of its agents
improving their status (net increase). Finally, the lowland community continues to have the largest
proportion of its population as “never” poor, increasing from 36.2% in the baseline to 41.4% with
climate change.
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Table 5-11. Food poverty position per vulnerability cluster with and without climate change. For each
cluster, values were calculated based on the pairwise comparison of agents’ consumption expenditure
in all 50 repetitions and 15 years using identical initialization seeds in both scenarios.
Baseline
All values as percentages of a vulnerability cluster
Most (Cluster 3)
n
Agents always (>75%) below the extreme poverty
= 73
line in all repetitions and years

Climate change scenario SCC1_0
Always
Often
Rarely
Never
15.1

4.1

Agents often below the e. poverty line (25% < x <
75%) in all repetitions and years

50.7

Agents rarely below the extreme poverty line (<25%)
in all repetitions and years
Agents never below the extreme poverty line (0%) in
any repetitions and years
Column sums
Highly (Cluster 1)
n = 40

Agents always (>75%) below the extreme poverty
line in all repetitions and years

15.1

54.8

30.0

Agents always (>75%) below the extreme poverty
line in all repetitions and years

Agents never below the extreme poverty line (0%) in
any repetitions and years
Column sums

0.0

42.5

Agents always (>75%) below the extreme poverty
line in all repetitions and years

8.2
11.0

8.2
100.0

42.5
22.5

2.5

25.0

22.5

2.5
5.0

2.5
100.0
1.0

1.0

17.7

15.6

34.4

21.9

3.1
25.0

37.5
53.1

40.6
100.0

24.0

17.9

17.9
15.1

17.9

28.8

15.1

1.8

19.6

25.0

1.8

26.8

7.1
33.9

28.6
30.4

35.7
100.0

1.4

Agents rarely below the extreme poverty line (<25%)
in all repetitions and years
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19.2

4.2

17.9

Agents often below the e. poverty line (25% < x <
75%) in all repetitions and years

Agents never below the extreme poverty line (0%) in
any repetitions and years
Column sums

19.2

19.8

Agents rarely below the extreme poverty line (<25%)
in all repetitions and years

Least (Cluster 2)
n =73

2.7

17.9

Agents often below the e. poverty line (25% < x <
75%) in all repetitions and years

Agents never below the extreme poverty line (0%) in
any repetitions and years
Column sums

16.4

1.0

Agents rarely below the extreme poverty line (<25%)
in all repetitions and years

Agents always (>75%) below the extreme poverty
line in all repetitions and years

53.4

42.5

Agents often below the e. poverty line (25% < x <
75%) in all repetitions and years

Less (Cluster 4)
n =56

2.7

30.0

Agents rarely below the extreme poverty line (<25%)
in all repetitions and years

Average (Cluster 0)
n =96

19.2

30.0

Agents often below the e. poverty line (25% < x <
75%) in all repetitions and years

Agents never below the extreme poverty line (0%) in
any repetitions and years
Column sums

Row sums

30.1

16.4
5.5

34.2

24.7

5.5

30.1

1.4
31.5

17.8
23.3

19.2
100.0

Table 5-12. Food poverty position per community with and without climate change. For each
community, values were calculated based on the pairwise comparison of agents’ consumption
expenditure in all 50 repetitions and 15 years using identical initialization seeds in both scenarios.
Baseline
All values as percentages of a community
Highland
Agents always (>75%) below the extreme
community
poverty line in all repetitions and years
n =49
Agents often below the e. poverty line (25%
< x < 75%) in all repetitions and years

Climate change scenario SCC1_0
Row sums
Always
Often
Rarely
Never
18.4

4.1
51.0

Agents rarely below the extreme poverty
line (<25%) in all repetitions and years
Agents never below the extreme poverty line
(0%) in any repetitions and years
Column sums
Middle-access
community
n =231

Agents always (>75%) below the extreme
poverty line in all repetitions and years

18.4
13.9

Agents rarely below the extreme poverty
line (<25%) in all repetitions and years

Lowland
community
n =58

Agents always (>75%) below the extreme
poverty line in all repetitions and years

13.9

18.4

2.0

20.4

20.4

4.1
6.1

4.1
100.0
15.2

29.9

3.5

0.4

18.6

7.8

26.8

31.6

3.0
25.1

21.6
29.4

24.7
100.0

33.3

5.2
17.2

Agents rarely below the extreme poverty
line (<25%) in all repetitions and years
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53.1

5.2

Agents often below the e. poverty line (25%
< x < 75%) in all repetitions and years

Agents never below the extreme poverty line
(0%) in any repetitions and years
Column sums

2.0

1.3

Agents often below the e. poverty line (25%
< x < 75%) in all repetitions and years

Agents never below the extreme poverty line
(0%) in any repetitions and years
Column sums

55.1

22.4

5.2

17.2

3.4

20.7

31.0

6.9

37.9

1.7
36.2

34.5
41.4

36.2
100.0

5.3.6. Effects of changes in temperature on the landscape
This section presents the results at the landscape level. First, we inspect in a more detailed
manner changes in land use in agriculture and forestry, analyzing the development of each crop
including eucalyptus, looking at potential differences that arise due to climate change. Here we look
in closer detail at potato due to its importance as a staple food and market product in the study area.
Finally, the development of farm animal rearing in the study area is analyzed for cattle, sheep, pigs
and guinea pigs.
For the results presented here, we ran 50 repetitions of the baseline scenario and 50 repetitions
of each climate change scenario (SCC1_0, SCC2_0 and SCC3_0).
(a) Land use in agriculture
This section focuses on changes in the agricultural landscape in the study area. The area loss
through exiting agents leads to generally declining crop areas over the simulation periods. To
facilitate the detection of other effects, the analysis considers only those agents who did not exit in a
given repetition. For each unit of analysis, graphs show, displaying from top to bottom: (i)
development over simulation periods for scenarios SBSL_0, SCC1_0, SCC2_0 and SCC3_0. (ii) absolute
and relative average difference per vulnerability clusters between baseline and climate change
scenarios for the last 6 simulation periods; and (iii) absolute and relative average differences per
community between baseline and climate change scenarios for the last 6 simulation periods. All
graphs represent averages for non-exiting agents over 50 repetitions for each scenario.
Potato
Figure 5-19 shows the results for the total potato area in the baseline and climate change
scenarios. Looking at the development of potato over the simulation periods (1st graph from the top)
a clear differentiation between the baseline and climate change scenarios becomes apparent: while
under constant climate conditions there is a slight decline in potato area over time, in all climate
change scenarios the decline is greater. To get a better picture of the nature of these changes, Table
5-13 presents the average differences between the baseline and climate change scenarios for the area
of each potato variety in each agro-ecological zone (AE zone), differentiating the irrigation regime. In
all climate change scenarios, a large area reduction in the cultivation of potato yungay is observed in
irrigated lands of the intermediate AE zone, of about 18 to 19 hectares. In these areas, agents mostly
replaced potato yungay by corn, whose productivity steadily increased. It is also observed that native
potato varieties were displaced from the high AE zone to the very high AE zone, with an overall
reduction of the amount of potato nativa cultivated. In the high AE zone, potato nativa was mainly
displaced by olluco cultivation. Finally, the cultivation of potato canchan remains marginal, and no
changes are observed between baseline and climate change scenarios. Further, we look at the
distribution of changes in potato per vulnerability group and per community (Figure 5-19 , 3rd and 4th
graph from the top). At the cluster level, the decrease in potato area is largely explained by changes
in the “averagely vulnerable” cluster. Since 40% of agents in the middle-access community are also
members of this cluster, we see a similar pattern, with this community presenting the greatest
decrease in potato area. While most clusters have a net decrease in potato area, the “less vulnerable”
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cluster shows a slight increase. Similarly, at the community level, the lowland community seems to
remain unaffected by climate change, even slightly increasing its potato area by about 9%, 11% and
13% in SCC1_0, SCC2_0 and SCC3_0 respectively.

Figure 5-19. Development of potato area at landscape level. SBSL_0: baseline scenario; SCC1_0: +1.3°C
by 2050; SCC2_0: +1.3°C by 2043; SCC3_0: +1.3°C by 2038. Top graph: development over simulation
periods for scenarios SBSL_0, SCC1_0, SCC2_0 and SCC3_0. Middle: absolute (left) and relative (right)
average difference per vulnerability clusters between baseline and climate change scenarios for the last
6 simulation periods. Bottom: absolute (left) and relative (right) average difference per community
between baseline and climate change scenarios for the last 6 simulation periods. All graphs represent
averages for non-exiting agents over 50 repetitions.
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Table 5-13. Changes in total area for different potato varieties in climate change scenarios (SCC1_0,
SCC2_0 and SCC3_0) as compared to the baseline. Values correspond to average difference in total area
in the last 6 simulation periods (non-exiting agents). Table differentiates areas per agro-ecological zone
and irrigation regime.
Average changes in area between baseline and climate change scenarios (hectares)
Agro-ecological
zone
Potato variety

Low
(3150 – 3500 m)
rainfed

Intermediate/High
(3500-4000m)
irrigated

rainfed

High
(4000-4200)
irrigated

rainfed

Very High
(>4200m)
rainfed

SCC1_0
Yungay

Mean
Median
SD

0.15
0.13
0.23

0.10
0.10
0.06

0.10
0.10
0.06

-19.06
-19.07
1.38

0.00
0.00
0.00

0.00
0.00
0.00

Canchan

Mean
Median
SD

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

Nativa

Mean
Median
SD

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00
SCC2_0

0.00
0.00
0.00

-10.02
-10.18
0.98

1.86
1.85
0.18

Yungay

Mean
Median
SD

0.14
0.13
0.25

0.13
0.12
0.07

0.13
0.12
0.07

-18.52
-18.14
1.47

0.00
0.00
0.00

0.00
0.00
0.00

Canchan

Mean
Median
SD

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

Nativa

Mean
Median
SD

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

-11.57
-11.76
0.96

2.37
2.39
0.25

Yungay

Mean
Median
SD

0.11
0.10
0.26

0.12
0.12
0.06

0.00
0.00
0.00
SCC3_0
0.12
0.12
0.06

-18.39
-18.18
1.43

0.00
0.00
0.00

0.00
0.00
0.00

Canchan

Mean
Median
SD

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

Nativa

Mean
Median
SD

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

-12.96
-13.07
0.91

2.45
2.46
0.23
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Other crops
The graphs corresponding to the development in the area of the different crops, fallow area and
stover for the baseline and climate change scenarios can be found in Appendix I. In this Section,
noteworthy developments are mentioned.
The area of olluco increases over the simulation periods. An increase in all climate change
scenarios is observed: in SCC1_0, the average total increase for the last 6 simulation periods is about
13.5 hectares, 67% higher than the baseline; in the more extreme climate change scenario, SCC3_0,
this difference rises to 16.5 hectares, about 81% higher than the baseline. This expansion in area
occurs in the AE zone “High” –in concrete terms the 4000-4100m altitudinal range – and is parallel to
the increase in the productivity of olluco over the simulation periods. As a consequence, there is a
displacement of the potato nativa in farm plots located in this elevation range. Looking at the different
vulnerability clusters, most of the increase in the olluco area occurs among members of the “averagely
vulnerable” cluster, accounting for about 11 hectares in SCC1_0 and 13 hectares in SCC3_0. Finally, at
the population level, the middle-access community shows itself to be responsible for the majority of
the increase in olluco area. It accounts for about 12.5 hectares in SCC1_0 and about 15 hectares in
SCC3_0, corresponding to a roughly 75% and 90% increase from the baseline.
The area allocated to oat production is sensitivity to changes in temperature. The average total
oat area decreases rapidly as other crops like corn, and to a lesser extent potato yungay, increase their
productivity in land categories where oats grew. This development is observed in all climate change
scenarios. Here again we observe the greatest reduction in all scenarios for the “averagely vulnerable”
cluster, where the oat area decreases between 8,5 hectares and 9 hectares in SCC1_0 and SCC3_0
respectively.
As temperatures increase, corn gains cultivation surface rapidly. The increment in corn area
occurs in the altitudinal range of 3500-3600m a.s.l. and only in farm plots that have irrigation in place.
Due to its high profitability, corn displaces other crops that also grow in the same land category,
including oats, potato yungay and ryegrass. For the last six simulation periods, the average total area
of corn was, in scenarios SCC1_0 and SCC3_0, 46.2 and 47.7 hectares larger than the baseline area
respectively. Largely responsible for this increase are agents in the “averagely vulnerable” cluster,
increasing the total corn area by 26 hectares as compared to the baseline. Similarly, when looking at
the community level, we see the greatest increase in area in the middle-access community.
The area of faba bean remains almost unaffected by climate change in all scenarios until the 8th
to 10th simulation period, in which there is a rapid increase that, for the last six simulation periods
averages about 20.2 hectares and 28.6 hectares more than the baseline scenario for SCC1_0 and
SCC3_0 respectively. This increase occurs mainly in the “averagely vulnerable” cluster, which
increased on average by about 17 to 24 hectares in all climate change scenarios. At the community
level we see the greatest increase in the middle-access community.
Ryegrass, which is a perennial crop, has a stable behavior with different temperature scenarios,
with no major differences from the baseline, presenting only a slight decrease in area for the last 6
simulation periods: 4.0, 5.8 and 6.4 hectares on average for SCC1_0, SCC2_0 and SCC3_0 respectively.
This area is lost to corn, whose yields increase for AE zones, where ryegrass is also cultivated.
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Fallow area and stover production
Fallow areas remain similar with constant climate and climate change. For the last six simulation
years, we observed an average decrease in the fallow area of 20.2 and 26.6 hectares for scenarios
SCC1_0 and SCC3_0 respectively. Looking at the vulnerability clusters, the reduction in fallow area
occurs in the “averagely vulnerable” cluster, with all other clusters remaining unaffected by climate
change. Last, at the community level the increase in fallow area occurs predominantly in the middleaccess community.
Stover increments in all climate change scenarios (about 220 tons) compared to the baseline.
Responsible for this increment is the increase in corn and faba bean areas, which predominantly
occurs, at the cluster level, in the “averagely vulnerable” cluster and, at the community level, in the
middle-access community. Even though this is not a product per se, fodder production does hold
importance as a source of fodder for farm animals, especially cattle and sheep.
Eucalyptus plantations
As a long-term investment, eucalyptus proved to be very stable in time and between baseline and
climate change scenarios, with only a marginal increase of about 1 hectare on average for the last six
simulation periods in all climate change scenarios. A main reason for this stability is that, already by
the end of the simulation in the baseline scenario, FHS agents are fully using their forest areas. With
climate change no differences were observed, with small increases attributed to fewer agents exiting
the model. Even though FHS agents could choose to invest in forest plantation on other land
categories, the opportunity cost of agricultural crops was always higher. This information is relevant
for the design of forest policies, which, for the specific population in the study area, might achieve
better outcomes by fostering improvements in the productivity of existing forest plantations.
(b) Changes in agriculture and forestry in the different agro-ecological zones
As presented in Section 5.1, the characterization of the study area followed the agro-ecological
zones classification proposed by Mayer (1979), and the model also took this into account for the
modeling of land use (see Table 4-6). The previous subsection showed changes in crops at the
landscape level; this section, in turn, aims to elicit the impact of climate change in terms of changes in
cultivated crop area for each agro-ecological zone.
The agro-ecological zone “low”, which is located at an altitude range of 3150-3500m a.s.l. and
comprises 8.3% of the Achamayo watershed, shows no major changes across all climate change
scenarios (Table 5-14). As for the agro-ecological zone “intermediate/high,” which represents 17.4%
of the study area, the most important changes occur on irrigated lands (Table 5-15). With climate
change, the cultivation of corn increases in this zone from zero to an average of 46 to 47.5 hectares.
In the process, it displaces faba bean and oat cultivation almost completely. Similarly, between 4243% of the area of potato yungay and 14-24% of the area of ryegrass is lost to corn with climate
change as compared to the baseline. With regard to the agro-ecological zone “high” (Table 5-16), there
are two important observations: firstly, the strong reduction in the cultivation area of potato nativa.
This crop is lost almost completely to favor the more commercial crops olluco and faba bean.
Secondly, changes in land productivity allowed the expansion of the agricultural frontier, reducing
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the fallow area by 24.4 hectares for SCC1_0, 29 hectares in SCC2_0 and by 32.7 hectares in SCC3_0.
Land-use changes in the agro-ecological zone “very high” occur to a lesser extent than in lower zones
(Table 5-17). This zone, located above 4200m a.s.l. represents about 57% of the Achamayo watershed,
and pastoralism is the only productive activity. In the modeled climate change scenarios, some
production of potato nativa also takes places, but it is still quite limited (about 1.9 to 2.45 hectares).
Finally, we look at changes in forest land area due to climate change (Table 5-18). It becomes
apparent that, by the end of the simulation in the baseline scenario, FHS agents are fully using their
forest areas. With climate change no differences were observed, with small increases attributed to
fewer agents exiting the model. Even though FHS agents could choose to invest in forest plantation
on other land categories, the opportunity cost of agricultural crops was always higher. This
information is relevant for the design of forest policies, which, for the specific population in the study
area, might achieve better outcomes by fostering improvements in the productivity of existing forest
plantations.
Table 5-14. Changes in crop areas in the agro-ecological zone “low” due to climate change (scenarios
SCC1_0, SCC2_0 and SCC3_0) as compared to the baseline scenario. The table presents mean, media and
standard deviations of the average cultivated area in the last six simulation periods. Calculations are
based on 50 repetitions of each scenario, considering only agents who did not exit in a given repetition.
Agro-ecological zone:
Low (3150-3500 masl)

rainfed (hectares)

Baseline

mean
media
SD

potato
yungay
0.2
0.2
0.0

Δ SCC1_0

mean
media
SD

Δ SCC2_0

Δ SCC3_0

irrigated (hectares)

0.2
0.2
0.0

potato
yungay
5.5
5.5
0.2

0.0
0.0
0.0

0.0
0.0
0.0

mean
media
SD

0.0
0.0
0.0

mean
media
SD

0.0
0.0
0.0

fallow

corn

ryegrass

fallow

8.4
8.5
0.3

3.4
3.3
0.6

4.8
4.8
0.2

0.1
0.1
0.2

0.2
0.1
0.4

-0.2
-0.1
0.7

0.1
0.1
0.2

0.0
0.0
0.0

0.1
0.1
0.2

0.2
0.2
0.4

-0.1
-0.1
0.9

0.1
0.1
0.2

0.0
0.0
0.0

0.1
0.1
0.3

0.1
0.1
0.4

-0.1
-0.1
0.9

0.1
0.1
0.2
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Table 5-15. Changes in crop areas in the agro-ecological zone “intermediate/high” due to climate change
(scenarios SCC1_0, SCC2_0 and SCC3_0) as compared to the baseline scenario. The table presents mean,
media and standard deviations of the average cultivated area in the last six simulation periods.
Calculations are based on 50 repetitions of each scenario, considering only agents who did not exit in a
given repetition.
Agro-ecological zone:
Intermediate / High
(3500-4000 masl)

rainfed (hectares)
potato
yungay

olluco

irrigated (hectares)

oat

faba
bean

fallow

potato
yungay

corn

oat

faba
ryegrass
bean

fallow

Baseline

mean
media
SD

0.1
0.0
0.0

18.6
18.5
0.7

0.2
0.2
0.1

13.4
13.4
0.6

11.4
11.3
0.3

43.9
43.8
1.5

0.0
0.0
0.0

16.2
16.0
1.2

3.0
3.0
0.3

26.5
26.8
0.9

39.6
39.7
1.2

Δ SCC1_0

mean
media
SD

0.1
0.1
0.1

1.7
1.6
0.9

-0.2
-0.2
0.1

-0.9
-1.1
0.8

0.2
0.3
0.4

-19.1
-19.0
1.4

46.0
46.2
1.1

-15.0
-14.8
1.2

-3.0
-3.0
0.3

-3.8
-3.9
1.0

3.7
3.7
1.3

Δ SCC2_0

mean
media
SD

0.1
0.1
0.1

2.5
2.5
0.8

-0.2
-0.2
0.1

-1.1
-1.2
0.7

0.2
0.2
0.3

-18.5
-18.2
1.5

47.2
47.3
1.2

-15.0
-14.8
1.2

-3.0
-3.0
0.3

-5.7
-5.7
1.1

4.8
4.8
1.3

Δ SCC3_0

mean
media
SD

0.1
0.1
0.1

2.6
2.5
0.8

-0.2
-0.2
0.1

-1.1
-1.1
0.8

0.2
0.2
0.3

-18.4
-18.2
1.4

47.5
47.5
1.0

-15.0
-14.9
1.2

-3.0
-3.0
0.3

-6.2
-6.3
1.2

5.0
4.9
1.3

Table 5-16. Changes in crop areas in the agro-ecological zone “high” due to climate change (scenarios
SCC1_0, SCC2_0 and SCC3_0) as compared to the baseline scenario. The table presents mean, media and
standard deviations of the average cultivated area in the last six simulation periods. Calculations are
based on 50 repetitions of each scenario, considering only agents that did not exit in a given repetition.
Agro-ecological zone:
High (4000-4200 masl)

rainfed (hectares)

Baseline

mean
media
SD

potato
native
13.2
13.3
0.9

Δ SCC1_0

mean
media
SD

-10.0
-10.1
0.9

12.0
12.0
0.3

0.2
0.2
0.1

24.2
24.2
0.5

-24.4
-24.6
1.7

Δ SCC2_0

mean
media
SD

-11.6
-11.6
0.9

14.1
14.1
0.2

0.6
0.6
0.2

28.4
28.4
0.5

-29.0
-29.2
1.6

Δ SCC3_0

mean
media
SD

-13.0
-13.1
0.9

14.7
14.7
0.2

1.5
1.5
0.2

32.7
32.8
0.5

-32.7
-33.0
1.7

olluco

oat

faba bean

fallow

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

87.6
87.8
1.6

188

Table 5-17. Changes in crop areas in the agro-ecological zone “very high” due to climate change
(scenarios SCC1_0, SCC2_0 and SCC3_0) as compared to the baseline scenario. The table presents mean,
media and standard deviations of the average cultivated area in the last six simulation periods.
Calculations are based on 50 repetitions of each scenario, considering only agents that did not exit in a
given repetition.
Agro-ecological zone:
Very High (4200- 4600
masl)
Baseline
mean
media
SD

rainfed (hectares)
potato
native
0.00
0.00
0.00

fallow
54.60
54.23
1.90

Δ SCC1_0

mean
media
SD

1.86
1.85
0.17

8.95
9.24
2.46

Δ SCC2_0

mean
media
SD

2.37
2.38
0.25

9.22
8.48
3.10

Δ SCC3_0

mean
media
SD

2.45
2.46
0.22

11.96
12.31
3.11

Table 5-18. Changes in forest land area due to climate change (scenarios SCC1_0, SCC2_0 and SCC3_0)
as compared to the baseline scenario. The table presents mean, media and standard deviations of the
average cultivated area in the last six simulation periods. Calculations are based on 50 repetitions of
each scenario, considering only agents that did not exit in a given repetition.
rainfed (hectares)

Forest land

eucalyptus

fallow

mean
media
SD

13.9
13.9
0.4

0.0
0.0
0.0

Δ SCC1_0 mean
media
SD

0.8
0.9
0.4

0.0
0.0
0.0

Δ SCC2_0 mean
media
SD

1.0
1.0
0.4

0.0
0.0
0.0

Δ SCC3_0 mean
media
SD

1.0
1.1
0.4

0.0
0.0
0.0

Baseline
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(c) Farm animals
The changes in cattle, sheep, pig and guinea pig rearing between baseline and climate change
scenario, considering only those agents who did not exit in a given repetition, are shown in Appendix
J.
Regarding cattle, scenarios considering higher temperature conditions allowed their population
to increase over time. Responsible for most of this increase are agents in the “averagely vulnerable”
cluster, having for the last six simulation periods an average of about 100, 125 and 150 more cattle
heads in SCC1_0, SCC2_0 and SCC3_0 than in the baseline. At the community level, most of the increase
in cattle occurred in the middle-access community.
Sheep also showed an increase in herd size relative to the baseline scenario. Unlike the case of
cattle, this increase cannot be attributed to a single vulnerability cluster, with all clusters increasing
their herd sizes in a more or less even manner. At the community level we observe that the lowland
community shows no rise in the size of its sheep herd, the middle-access and highland communities
being the only ones to explain this increase.
As for pig and guinea pig rearing, overall differences compared to the baseline are also positive,
even though more modest than for cattle and sheep: about 26% for pigs and 16% for guinea pigs, for
the last 6 simulation periods across all climate change scenarios. In both cases, the highest net
increase occurs, on average, in the “averagely vulnerable” cluster, and at the community level, in the
middle-access population.
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Chapter 6. Conclusions and discussion

The present work investigates vulnerability and related adaptation of farm household systems
(FHSs) in the Tropical Andes.
For the vulnerability analysis, the study focuses on the vulnerability of different farm household
groups to climate-related hazards. The assessment explains vulnerability as a function of (i) climate
variability (climatic hazards) as main external factor; and (ii) the adaptive portfolio of different farm
household groups as main internal factor.
Complementary, the analysis of climate change impacts and related adaptation at local levels is
addressed considering long-term changes in temperature conditions. This is done by developing A
multi-agent model to analyze alternative response strategies of farm households of the Tropical
Andes to climate change, more concretely, to predicted changes in the suitability of land for crops due
to changes in temperature. The model allows to also investigate the impacts of these strategies on the
socioeconomic status of different typologies of vulnerable farm household systems.
The operationalization of the proposed methods was based on selected case studies in the Central
Andes of Peru. As a consequence, it is important to highlight that the present research is
predominantly based on empirical data obtained in a participatory manner.
The use of different qualitative and quantitative methods in this research provided a
comprehensive way to analyze the vulnerability and adaptive capacity of farm household systems
(FHSs) in the Tropical Andes. The results of the literature review, participatory rural assessment and
simulation modeling complemented each other and emphasized different dimensions of FHSs
vulnerability, their adaptation capacity and potential climate change impacts in agriculture. They
provided different perspectives for the analysis and improved the understanding of the problem. The
use of participatory research was key in understanding the system under study. It also provided
relevant data for the analysis of both, the vulnerability of FHSs to climate-related hazards and the
analysis of FHSs’ adaptation to increased temperature conditions, and related impacts. The effective
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combination of participatory tools and quantitative methods provided a framework for the
interpretation of the results and enriched the overall research outcomes.
The present work is also a contribution to developing the methodological framework of the INCA
project by working empirically and with simulation models. This contributes to filling the existing
gab of modeling approaches that integrate participatory and inter-disciplinary tools, thereby
facilitating the integration of knowledge stemming from anthropology and social sciences (Holman et
al. 2019).
The implications, benefits and limitations of such analysis will be discussed in the corresponding
section below.

6.1. The archetype analysis of farm household vulnerability to
climate-related hazards
The archetype analysis reveals typical patterns of farm household systems’ (FHSs) vulnerability
to climate-related hazards (Research Question 1). This is done by first looking at underlying
vulnerability-creating mechanisms explained by factors that are internal to the farm household. Such
factors constitute the adaptive capital portfolio of a farm household, such as alternative employment
opportunities outside the farm, land area, and animal husbandry. Based on those recurrent patterns,
farm households are categorized into different groups using cluster analysis. A main shortage of using
cluster analysis is that it does not directly inform on whether certain clusters are more vulnerable
than others (Kok et al. 2016). This was successfully overcome by linking the resulting cluster with the
vulnerability outcome ‘money lost’36 in a vulnerability index, thereby defining vulnerability
archetypes.
Results for the study site differentiate five archetypes of farm household’s vulnerability to
climate-related hazards (Research Question 2). Such differentiation supports the hypothesis that the
vulnerability to climate-related hazards is not the same among farm households in the Tropical
Andes. While each farm household is vulnerable in a unique way, there are recurring but nonuniversal patterns that hold for distinct subsets of farm households, shaping their vulnerability. The
analysis of such reappearing patterns is part of the emerging field of archetypes analysis of socioecological systems (Section 2.2.3).
By looking at the indicators within each archetype, underlying vulnerability-creating mechanisms
for specific household groups can be observed. In the study area, most vulnerable farm households
have a limited amount of adaptive capital, including low levels of off-farm employment, few
farm animals, reduced land size, low irrigation, and low use of agro-ecological zones. Farm
households in the southern Peruvian Andes show similar patterns of vulnerability to weather
extremes (Sietz et al. 2012). There, the most vulnerable households are severely constrained by
minimum land and livestock resources and the highest harvest failure risk due to the use of only one
“Money lost” represents crop losses during the past five years due to climate-related hazards. The
detailed explanation of the indicator is presented in Section 5.2.2.
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agro-ecological niche. The use of agro-ecological zones as a way of strengthening agricultural
livelihoods and environmental resilience has also been reported by Olayide and Alabi (2018).
The case study also made visible the contribution of off-farm employment activities to
reducing the risk of climatic hazards in agriculture. Off-farm employment contributing to income
smoothing, i.e. to reducing both the risk and fluctuations of income and the related reduction of
vulnerability in agriculture, has also been documented in the Andean Region (see, for example,
Sperling et al. ,2008; Sietz et al., 2012) and is a common strategy used in developing countries to
reduce risk (Dercon 2002). Jost (2016), highlights the importance of temporary migration as being
among the best strategies along the Achamayo watershed for coping with climate-related hazards,
especially for FHSs with little physical capital.
As poverty is indirectly reflected in a limited amount of capital, the comparison of the adaptive
capital portfolios of the identified archetypes also delivers information on which household groups
are comparatively poorer than others. In the study area, the more vulnerable farm households are
the poorer ones who rely on agriculture as their primary source of income.
Linking the results to the spatial location of the socio-ecological unit of analysis provides evidence
of the spatial distribution of vulnerability. In the study area vulnerability increases with increasing
elevation. These findings are in line with Huddleston et al. (2003), who suggested that at elevations
above 2500 m vulnerable population represent about 70% of the rural mountain population in
developing and transition countries, contrasting with only 48% below this line. When comparing
mountainous and non-mountainous areas, it becomes apparent that mountain populations are more
exposed to poverty and marginalization (Huddleston et al. 2003; Körner et al. 2005). This
vulnerability can be understood in the light of several mountain-specific constraints, including the
fragility of ecosystems; remoteness; poor accessibility and marginalization of mountain communities
from the mainstream; lack of equity in terms of access to basic facilities such as healthcare, education,
and physical infrastructure, as well as to markets, political power and representation; and lack of
employment opportunities (Jodha 1992; ICIMOD 2010b; Macchi 2010).
Within the myriad of external determinants of farm household vulnerability, the study looks at
the specifics of climate-related hazards in agriculture. Farm households perceive frost, heavy
rainfalls, and agricultural droughts as main factors. The impacts of these climatic hazards were
specified as dependent on the season of the year, the physical characteristics of the farm plot, the crop
type and it stage of development, the agricultural technologies available, and the intensity and
duration of the climatic hazard. Further, farmers believe that frost events and droughts are likely
to increase in frequency and intensity in the future. This perception matches scientific
information from the Geographical Institute of Peru (IGP 2005c), which predicts an increase in the
frequency of frosts and droughts in future decades. These results do not support the initial research
hypothesis that local perceptions do not always match the trends in climate conditions as studied by
the scientific community. They in turn, are in line with findings for the Tropical Andes of (see Skarbø
and Vandermolen 2016; Aldunce et al. 2017) and other Mountain Regions (e.g. Chaudhary and Bawa
2011; Sujakhu et al. 2019), as described in Section 2.2.4.
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Frosts are common climatic stressors in the Andes, and their effects on agriculture have been
described by Sperling et al. (2008); Trasmonte Soto (2009); and Sietz et al. (2012). The Mantaro river
basin is no exception, where hoar frosts are common stressors in agriculture. Increases in the
frequency and intensity of frosts may challenge the adaptive capacity of FHSs and exhaust to an even
greater extent the limited adaptive capital available to them. An important point to consider when
designing interventions is to recognize the idiosyncratic nature of this risk and the related specificity
of its impacts: frosts generally affect specific areas of a community, i.e. only some FHSs. Since frost
events do not affect whole regions but are rather site-specific hazards, their impacts are usually
overlooked by formal institutions. Therefore, community-based bottom-up approaches designed to
deal with frost-related damage in agriculture are more likely to have positive results.
Droughts, on the other hand, affect more extensive areas, for example, whole communities or
regions and thus, the related risk is unlikely to be shared when everybody is affected (Dercon 2002).
This calls for higher-level policy interventions, e.g. improving access to credit and saving institutions
or public safety nets. These measures should complement the complex informal risk-sharing
arrangements already in place (Dercon and Krishnan 1996; Dercon 2002; Ligon and Schechter 2003).
Indeed, results from the household survey showed that roughly 62% of FHSs performed reciprocity
practices (especially between first- and second-degree family members) that included food and labor
exchange. These practices can be seen as informal insurance systems in place, i.e. mutual support
networks of neighbors and family. These existing groups, which generally only cover idiosyncratic
risks (e.g. frosts) could be strengthened by providing cost-effective risk-pooling and reinsurance
solutions that offer protection for other risks they cannot deal with on their own, most notably
covariate and catastrophic risks (Clarke and Dercon 2009), like droughts.
In any case, a broad inclusion of the population, not least the poor and vulnerable, as well as a
careful understanding of the existing systems, appear to be minimum conditions. In this respect,
measures should complement informal risk-sharing arrangements that may already be in place.
Results illustrate basic underlying processes of FHS vulnerability to climate-related hazards in
the Tropical Andes that can be applied to draw connections between communities or regions and to
assist decision-makers recognizing the particular situation of specific farm household groups within
a broad context. The acknowledgment of such mechanisms is a first step in the development of targetoriented policies to reduce vulnerability at local levels. When applied to the study area, the
methodology enabled the derivation of spatial and thematic priorities for vulnerability reduction for
each specific archetype of farm household vulnerability identified in the study area (Section 5.2.3).

6.2. Adaptation of farm household systems and land use
change
The review of the theoretical basis on most relevant approaches to climate-related vulnerability
(Section 2.2.1) and on modeling frameworks for the simulation of adaptation in agriculture (Section
2.3.3) concluded that multi-agent systems could be expected to be a valuable tool for the explicit
simulation of climate change impacts at local levels. In particular, this refers to farm
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heterogeneity, the explicit simulation of individual and social learning processes to deal with climate
change, direct interaction between agents and the environment as well as interactions among agents.
This in turn, facilitates the simultaneous analysis of adaptation options and related trade-offs,
identification of vulnerable households, and ex-ante policy analysis.
The model developed for the Achamayo watershed is the first model of its kind to be developed
for the Tropical Andes. Based on empirical data, it simulates farm household agents’ decisionmaking and land use change in agriculture and forestry at local levels in an explicit manner. In this
first model version, MPMAS-Andes reproduces several properties of the agro-ecological system under
study, including an heterogeneous population of farm households, their adaptation strategies (such
as crop and livestock production, off-farm employment and different production technologies),
production constraints (e.g. crop rotation and fallow, irrigation and labor availability), changes in land
suitability due to changes in temperature conditions, household consumption expenditure, and
demographic dynamics. Model outcomes inform on (i) alternative response strategies of farmers to
climate change, more concretely, to predicted changes in the suitability of land for crops due to
changes in temperature; (ii) the impacts of these strategies on the welfare of different typologies of
vulnerable farm household systems; and (iii) impacts on the agricultural landscape (RO3).
Results of the simulations show that the model captures a substantial amount of the
heterogeneity of the farm household systems of the study area in terms of their characteristics
and behavior. The validation experiments (Appendix A.5.1) confirmed that the model reproduces the
distribution of different farm types quite well. First, this good performance can be explained by a good
quality of data used in the model initialization, and statistic estimates. The parametrization of the
model population was done using the resulting vulnerability archetypes identified in the first part of
the research. The use of archetypes is a novel and robust way of creating the required
typologies of farm household systems for the model initialization. Second, the model successfully
translates the initial farm heterogeneity into heterogeneous behavior. In other words, the initial
heterogeneity in terms of vulnerability archetypes did not suddenly collapse over long-term
simulations and was at the same time not overly restricted (e.g. resulting in overspecialized farm
households) but experienced a gradual development that could be judged realistic.

6.2.1. Impacts of increased temperatures on the agricultural landscape
For the study area, the simulation results of the impacts of increased temperature on the
agricultural landscape point to an expansion of the cultivation area of corn and olluco at expenses of
areas of potato and oats. Other crops like ryegrass and faba bean remained more or less unaffected.
These findings highlight the importance of the simultaneous analysis of relevant socioeconomic and
biophysical variables when analyzing adaptation to climate change: Under increase temperature
conditions all crops increase their land suitability, especially corn and potato (Section 3.4.3).
However, in the lower agro-ecological zones, the higher profitability of corn leads farmers to
prioritize its cultivation and reduce the cultivation of commercial varieties of potato. As for olluco, it
replaces native varieties of potato in agro-ecological zones above 4000 m. Detecting such variations
in structural relations is an essential motivation for using process-based models in the analysis of
climate change adaptation.
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As for Eucalyptus trees, the cultivated are remains similar with and without climate change
(Section 5.3.6). The model testing (Appendix A.5.2) shows that Eucalyptus is sensitive to price
fluctuations, with farmers investing more in forest plantations as prices increase. In all simulations,
Eucalyptus remains attractive as a long-term investment as long as it is conducted on forest land. The
expansion of forest plantations is limited by this, since no forest plantations are established on
agricultural land, even if market prices for trees increase substantially. This result is of course to be
expected since farm households prioritize consumption expenditure requirements that are not
covered by forest plantations. Forest areas are fully occupied by the end of the baseline and all climate
change scenarios. This information is relevant for the design of forest policies, which, for the specific
population in the study area, might achieve better outcomes by fostering improvements in the
productivity of existing forest plantations.

6.2.2. Impacts of increased temperatures on farm household welfare
The effects of increased temperatures on the farm household income were mainly positive
(Section 5.3.4). This is to be expected considering the positive changes on crop yields. Observed
effects were robust against parameter uncertainty but quite heterogeneous over the agent population
(Section 5.3.1). The sensitivity analysis could not attribute such variability to any individual factor,
suggesting that shifts in income are originated by a combination of factors. In any case, such
differences underscore the relevance of a disaggregated assessment of climate change impacts.
Surprisingly, farm household income for the “average” vulnerable cluster shows the most
significant improvement under climate change scenarios. Even though it was expected positive effects
of climate change on income not to be equal among different farm household groups, it was
anticipated for the “least” vulnerable farm households - with higher amount of adaptive capital -, to
be able to profit the most. A more in-depth analysis provides an explanation: households belonging
to the “least” vulnerable clusters are mostly occupying the lower parts of the watershed, where
changes in the agricultural land under climate change are expected to be the least. Contrary, “average”
vulnerable farm household primarily populate the “Middle-access” communities, where the most
considerable positive changes in land suitability are expected to occur. These findings not only imply
that households in the “average” vulnerable cluster experience the highest positive change in the
suitability of their agricultural land, but that based on their adaptive capital portfolio, they are able to
take advantage of those changes, resulting in an average lift in their income. This analysis highlights
the advantage of the methodology used. It allows to incorporate information on vulnerability groups,
their spatial location, and adaptive capital portfolio to make a comprehensive interpretation of
emerging impacts of a specific climatic factor on, in this case, household income.
The analysis of changes in the food poverty position of farm households under increased
temperature conditions also showed overall positive effects (Section 5.3.5). About 11.4% of the
modeled population was lifted to a better poverty status. Yet, almost half of the modeled population
(48.5%) remained as “often” or “always” below the extreme poverty line, which points to an overall
persistence of poverty in the study area. Interestingly, the majority of agents who improved their food
poverty position moved from the category “rarely” to “never” below the extreme poverty line. Only a
negligible number of agents (1.5%) were able to improve their status of “always” extreme poor. These
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findings support the argument that some farm household groups are not able to take advantage of
favorable conditions and escape poverty traps without outside intervention.
Farm households who were able to take advantage and profit from favorable conditions in climate
change scenarios had, on average, larger agricultural and forest areas, a larger amount of savings in
the form of farm animals, could afford to hire more wage labor and practiced more mechanized
agriculture (use of a tractor). In turn, farm households who remained unaffected by climate change
had, on average, less land, fewer tree plantations and less amount of farm animals. The overview of
these structural differences between poverty groups suggests that such factors may be responsible
for perpetuating poverty patterns. While the evidence for this being a direct description of actual
poverty traps is limited, it provides a useful narrative for more general poverty traps: there may be
thresholds for some productive assets that, if pushed below these thresholds, the household finds no
possible recovery, but rather an equilibrium level of meager asset holdings and poverty (Clarke and
Dercon 2009).

6.2.3. Farm household adaptation
The dynamic implementation of the model, which considered the development of agent and
environment characteristics over time, allowed tracing the long-run trajectories of farm household
adaptation (Section 5.3.4). Since the simulated temperature effects were predominantly positive, only
a rather simple analysis of adaptation was conducted:
In all climate change scenarios farm labor requirements are mostly covered within the household.
Not surprisingly, as agricultural activities intensified with climate change, so did the use of both bulls
and tractors for plowing and tillage. The increase of fodder production supported this expansion. Last,
the combination of crops grown also showed dynamic changes, with corn, olluco, and faba bean
gaining agricultural area and partially taking the place of potatoes and oats. In the real world, these
changes could partly be compensated for by changes in the market prices of crops; for example, if the
cultivation of potato is reduced and corn production increases, prices on local markets would
probably react and partly compensate and incentivize farmers to grow more than in the fixed price
simulations considered in the model.
The size of the animal herd, which is a form of savings, also expanded under climate change
scenarios, especially cattle. The lack of inter-annual climate variability - as a disturbance factor within
the model -, could partially explain such increase. Also, changes in the grazing areas at higher
elevations are not simulated. Therefore, future changes in the extension and productivity of these
areas might also have effects on livestock that are not addressed in the model.
The observed results add to the evidence that the expected effects of climate change on
agriculture and farm households’ welfare in the Tropical Andes are manifold and are canalized
through a variety of socio-ecological pathways. Even though the heterogeneity and diversity of
Andean environments and community, together with the uncertainty regarding future development
of climate conditions, make any generalizations about the magnitudes and impacts of climate change
at any particular location problematic (Stadel 2008; Perez et al. 2010), the present research adds to
the evidence that the combined use of archetype analysis and multi-agent models (usually in
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combination with LULUC tools) with empirical basis is a useful approach to the analysis of
vulnerability and adaptation at local scales.

6.3.

Study limitations and how to overcome them

In the vulnerability analysis, the selection of the initial set of potential indicators for external and
internal determinants of FHSs’ vulnerability to climate-related hazards is a process that is subjective
to the criteria of the researcher. As a result of this, some determinants of potential relevancy may not
have been included. For example, traditional social coping mechanisms such as trust, reciprocity, and
collective action can reduce vulnerability and enhance resilience among community members (Sietz
and Feola 2016). Also, all indicators were assumed to have the same importance, i.e. were given the
same weight. The equal weighting assumption reflects the lack of information on the relative
importance of indicators and is therefore a first approximation to the vulnerability analysis.
In the MPMAS-Andes model, the simulations rely on constant market price inputs and an
immediate adaptation of yield expectations, abstracting from the adaptation of knowledge phase, as
well as abstracting from weather variability, risk management and land markets. Instead, they focus
on long-term adaptation, i.e. changes to the structure of the FHS that cannot be realized from one
season to the other and can hence be observed only to a limited extent in one-period simulations. The
model is therefore expected to improve the understanding of the potential impacts of changes in
temperature conditions on the FHS (specifically on selected adaptive capitals) and on the landscape,
rather than to provide an accurate forecast of future development.
For the assessment of the potential effects of climate change on the agricultural and forest
landscape and on the farm household systems in the study area, temperature was the only climatic
factor considered. The decision to exclude precipitation was driven by the lack of clear trends for the
study area. Nevertheless, the development of scenarios considering different possible developments
in precipitation patterns could contribute to better identifying policies whose positive effects hold
under different climate change scenarios.
While the heterogeneity of agents is represented in the model to a sufficient extent, the
heterogeneity of climate conditions might be improved. The current model parametrization does not
consider inter-annual climate variability caused by, for example, frost events or droughts. The
vulnerability analysis made visible that inter-annual variability is felt the most among farm household
systems and, therefore, this is an essential external determinant of vulnerability in agricultural
production and food security that is currently not explicitly reflected in the model. MPMAS allows the
incorporation of such variability, as Wossen and Berger (2015) demonstrate.
Currently, MPMAS-Andes assumes fixed market prices. While this assumption might be
reasonable for the modeled time frame, it does not reflect how changes in market prices might partly
compensate for predicted shifts in the cultivation area of different crops. In other words, changes in
the price of a specific crop relative to the price of other crops could encourage farmers to grow more
(or less) of it, counterbalancing the expected effects observed in the model for the specific study area
(Troost 2014a).
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Another assumption made in the model is that expectation formation for future yields and market
prices occur using one-year’s foresight. Under the current model parametrization, such type of
expectation formation for market prices is irrelevant, since these are assumed to be constant
throughout the simulation. Yet for future yields, it implies that agents have perfect information or full
knowledge of yields for the upcoming crop season.
The author is well aware that other types of learning process would better fit the adaptation
behavior observed in the study area. Yet, the one-year foresight assumption is considered to be
sufficient under the current model parametrization. This is because in MPMAS-Andes, the effects of
increased temperatures are introduced as a linear increase in the productivity of crops in specific land
use categories. This linearity, together with the relatively mild changes in land use suitability resulting
from temperature changes (at least in the period of time considered), leads to similar results
regardless of the type of expectations used. Most importantly, the use of other types of expectations,
such as naive37 or adaptive38, would not affect the direction of the effects observed.
Nevertheless, if future model development incorporates market price dynamics and/or interannual climate variability, the use of one-year foresight for agents’ expectation formation would not
be a good choice. Such type of expectation formation would hinder the emergence of dynamics due to
unexpected factors, such as impacts on the farm household caused by the occurrence of an
unexpected frost event, or by changes in the market prices of a crop. As a consequence, one-year
foresight would also not adequately reflect farm household adaptation (nor maladaptation).
Unlike an agent-based model, MPMAS-Andes does not consider agent-agent interactions under its
current parametrization. The future development of MPMAS-Andes could implement this feature and
by doing so, enable the emergence of collective outputs of interest in the model. As an example,
Ziervogel et al. (2005) used an ABM model to analyzed how seasonal climate forecast is influenced by
interaction among farmer-agents that is subject to social norms, more concretely how it is influenced
by others opinions. Their results showed that there is an impact and that poor farmers benefit the
most since the prospect of food shortage is reduced. The future development of MPMAS-Andes could
implement this feature. The MPMAS software package has four ways of implementing these kinds of
interactions: producer organizations (collectives), local land markets, local water markets, and
technology diffusion (Schreinemachers and Berger 2011). These tools could be implemented to
include traditional practices of reciprocity and exchange, which are an essential part of the production
structures of FHSs in the study area. Another feature that would be interesting to include in MPMASAndes is informal or semi-formal communal organizations for risk-sharing in order to explore their
role when farm households face climate change. Individual farm households would be influenced by
others in their social network before eventually joining an adaptation strategy. Such agent-agent
interaction has already been implemented by Schreinemachers et al. (2010) using a MAS/LUCC
application. Besides, the addition of agents’ interaction through land markets would allow us to
explore the role of traditional (e.g. “al partir”) and conventional land markets on the economic status

In “naive expectations”, the price and yield expectations are the actual price and yield of the last period.
“Adaptive expectations” is similar to "naive expectations" but the agent adjusts this expectation by
comparing the expected outcome with the actual outcome.
37
38

199

of FHSs and the agricultural landscape. Examples of the implementation of land markets using ABMs
have been developed by Filatova et al. (2011) and Berger (2001).
Since the MPMAS software package is a supported freeware product, there is a vast potential for
the reusability of the MPMAS-Andes application. It can be further used in the future either by the
author or other modelers without extensions and modifications. For example, one could perform
simulation experiments to estimate the effects of different policies, e.g. improved credit schemes,
expansion of the irrigated agricultural land, crop subventions, and improvements in forest
management, among others. Besides, different types of agents’ expectation formation, to simulated
different learning processes, could be analyzed in the framework of climate change.

6.4.

Lessons learned and future steps

Substantial time and effort were invested in order to understand the functionality of the MPMAS
model and the underlying MILP-approach of modeling farm decision-making. The required detail in
the representation of the decision-making problem demanded a profound knowledge of the local
production systems. Due to the lack of secondary literature at the scale required to fulfill the
objectives of the research, most of the data in the parametrization of MPMAS-Andes had to be
collected by the author and the INCA project team. These aspects of complexity slowed down the
progress of the research considerably.
The MPMAs setup used for the development of this application, which uses excel worksheets as
the main input files, proved to be quite complex and error-prone. It is, therefore, encouraging that
future applications use the newly developed MpmasMySQL interface, which has overcome many of
the problems originating from the use of the Excel setup. Also, due to the complexity of MPMAS, it is
highly recommended that software users undergo intensive training on its use and are assured of
proper support from the software developers, as was the case for this study.
A lot of effort went into the comprehensive documentation of the MPMAS-Andes model in the
TRACE document and complementary ODD protocol. Both documentation standards were highly
useful for organizing the reporting of the different aspects of the modeling cycle and results, and
valuable guide in the documenting process of the model development, testing, and analysis. As for the
ODD protocol, its elaboration was quite laborious and one of the desired products, the replication of
the model, might not be possible. Nevertheless, by using the ScenarioManager.xlsx file contained in
the model, simulation scenarios can be recreated and modified in a straightforwardly way. The file
specifies general model parameters and switches which can be used to turn features on or off and to
vary parameters for different simulation runs. By doing this, all scenarios and validation tests as
reported in this document can be reproduced.
The Research & Development approach of the INCA project incorporates adaptive comanagement with iterative loops between model and practice as a main requirement for sustainable
adaptation (Lindner et al. 2017). Guided by this approach, subsequent network activities based on
the results of the present study are proposed and discussed in the following:
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i)

The development and testing of potential interventions for system enhancement.

Ideally, the definition of possible options for system enhancement should be derived from the
interactions between the outcomes of the simulation experiments, the results of the vulnerability
analysis, and the expectations and experiences of local users. To facilitate this exchange, intervention
options should be discussed and developed in a participatory setup. Potential strategies to be
discussed could involve policy driven options for the introduction of an agricultural credit scheme,
for fostering tree plantation management and commercialization, or generation of off-farm
opportunities. Complementary, household and community-based initiatives like the improvement of
current irrigation schemes or the allocation of labor could be explored.
Based on these results, strategies to enhance the resilience of vulnerable FHSs and to analyze
trade-offs between specific objectives (e.g. food security, income generation, adaptation, mitigation)
should be explored. The aim is to identify and assess robust strategies, i.e. strategies that perform
well compared to alternatives over a wide range of assumptions about the future (Adger et al. 2009).
For this, the robustness of the derived interventions can be tested in MPMAS-Andes. Those strategies
that are more “insensitive” to the variability of predictions about the future state of the climate and
other economic and political factors of uncertainty should be chosen. Such an approach can identify
successful adaptation strategies without accurate and precise predictions of future climate (Adger et
al. 2009).
ii)

Testing/implementation of selected interventions in the study area

The selected interventions should be tested and implemented in a participatory way by local
experts, representatives of rural communities, local farm households and local associations.
Outcomes of the simulation scenarios should induce discussions among scientists, local small-scale
farmers and community members on future impacts of climate change, improved production
techniques to cope with those changes, and alternatives for action. Policymakers can use scenarios to
develop strategies and political instruments at different action levels. Scenarios may orient the
activities of NGOs in developing programs and projects and stimulating new ways of thinking about
an uncertain and complex future. Outcomes should be integrated into the INCA and made available to
subsequent users. Finally, the results of the implemented interventions on the socio-ecological
system should be assessed and used in a feedback loop for further system enhancement.
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