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Abstract

Abstract

Decision making constitutes one of the most important topics concerning land-use planning and
resource allocation. Nevertheless, people often make choices without having enough information
about the future. Analysis and consideration of uncertainty applied to land-use issues turns out to be
a valuable tool to predict how the variation of parameters might affect the performance of a system.
At the farm level, it enables to test the effect of alternative technologies and policies before its
implementation. It is also a useful tool to include land owners’ preferences. This aspect is of great
importance considering the encroaching of farming land at the expense of forest and other natural
ecosystems. The high profitability of cash crops has exacerbated the adverse effects of land-use
change; however, landowners should be cautious about making investments based solely on the
expected revenues. Risk analysis, for instance, offers interesting insights for long term planning.
Bearing in mind this aspect, the present work investigates whether the application of appropriate
economic approaches may lead to modified patterns of land allocation, provided that farmers’
preferences and uncertainty of land-use options have adequately been addressed in land-use

models.

In a first paper, decision making under uncertainty was applied to calculate compensation payments
for farmers growing environmentally desirable shade coffee to prevent conversion towards maize,
the most profitable alternative in southwest Ecuador. Two approaches were selected for this
analysis: Stochastic Dominance which makes only few assumptions about farmers” preferences and
Mean-Variance which assumes risk aversion. The inclusion of all or at least many of the investor’s
utility functions, as an important feature of stochastic dominance led to very high compensations, at
least twice the amount calculated by the alternative method which maximizes a concave utility
function. It is important to note that the comparison considered both options as mutually exclusive in
a first step. However, seeing alternatives as mutually exclusive was not the best approach to
address farmers” issues, given that they are risk averse. To find more cost-efficient compensation
payments, the effects of land-use diversification were tested by allowing for shade coffee on part of
a landholding, and maize on what remains. For calculating the optimal share of shade coffee and
maize, land use portfolios were calculated considering two types of aversion towards risk- moderate
and strong risk aversion. Based on a concave utility function, the optimal portfolio for moderately
risk-averse farmers consisted of 27% of shade coffee and 73% of maize. A larger share of shade
coffee was the best option for strongly risk-averse farmers, because this option holds less risk - 51%
and 49% maize. An implicit conservation of biodiversity rich shade coffee areas was a result of

economic diversification, which is used as a hedge against risks. As a consequence, policy should
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only carefully subsidize farmers to not push the need for diversification aside. Given that optimal
portfolios were to a large extent dominated by maize, compensation was required to increase the
share of shade coffee. The amount of compensation needed to achieve 75% of shade coffee was
always lower than for that derived under the assumption of mutually exclusive land uses. Thus,
stimulating diversification may help to significantly reduce compensation payments necessary to

preserve less profitable agroforestry options.

In a second paper, organic farming as a more environmentally friendly form of land use than
conventional agriculture was assessed as part of optimal land-use portfolios in the lowlands of
Ecuador, an area dominated by highly profitable conventional farming. The main issue was
assessing whether or not organic banana could be part of economic land-use portfolios. The results
demonstrated that acceptance of organic banana is strongly driven by its economic uncertainty. Two
levels of risk for organic banana were modelled, the first one using the same price volatility as for
conventional banana and second one based on more realistic, lower price volatility for organic
products. As a result, organic banana was included in land-use portfolios for almost every level of
accepted risk with proportions from 1% to maximally 32%, despite a very high simulated risk. A
lower simulated uncertainty of organic banana’s economic returns increased their proportion
substantially to up to 57% and increased annual economic returns. An assumed integration of
conventional and organic markets, simulated by an increased coefficient of correlation of revenues
(p up to= +0.7) demonstrated that the proportion of banana is significant dependent on price
volatility, only if price risks is low organic banana is included, in land-use portfolios. As historic data
support a low price risk for organic banana, landowners should consider this land-use option in their

land-use portfolios as a strategy to buffer risks.

Based on the experiences with two bio-economic land-use models, a third paper addresses the
advantages and shortcomings of bio-economic models applied to land-use issues in a literature
review, by analyzing the inclusion of four important aspects such as uncertainty, time, system
dynamics and multiple objective functions from a list of relevant papers. The progress of
mathematical programming has made it possible to improve the performance of land-use models;
however, none of the models analyzed throughout this research included the four aspects
simultaneously. Uncertainty was seldom integrated to modelling, in those cases where it was
incorporated; stochastic approaches were more frequent than non-stochastic robust methods.
Despite multiple objectives have recently been integrated into land-use optimization, it is evident
that a solid combination between multiple-objective approaches and uncertainty consideration is
often lacking. Similarly, static approaches are more frequently applied than truly dynamic models.
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Straightforwardness seems to be the clue for selecting land-use modelling approaches, because
increasing complexity may not necessarily lead to better outcomes. Sophisticated models turn out to
be very specific, which limits their transferability to other contexts. Simpler models, even of static
nature, showing plausible results are therefore more often recommendable to address land-use

issues.

Throughout this research, it was possible to prove that modelling under uncertainty provides new
insights to promote sustainable land-use practices even when high profitable farming is the
business as usual strategy for land owners. Even though sustainable farming was slightly less
profitable than conventional farming, in every case the options involved less risk than the
conventional practices. This feature makes sustainable farming an efficient risk coping strategy with
great impact for risk-averse farmers. However, it is clear that in order to be embraced by
conventional farmers, incentives must be developed and implemented in the field. Suitable policies,
financial inducements and technology transfer will facilitate the transition from intensive agriculture

to biodiversity-friendly farming while reducing concerns about food security.

Keywords: land use, organic farming, portfolio optimization, compensation, uncertainty
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Zusammenfassung

Die Entscheidungsfindung stellt eines der wichtigsten Themen in den Bereichen der Landnutzung
und Ressourcenverteilung dar. Trotzdem werden Entscheidungen oft ohne ausreichende
Informationen Uber die Zukunft getroffen. Die Analyse und das Einbeziehen der Unsicherheiten bei
der Landnutzung sind wertvolle Werkzeuge um vorherzusagen, wie die Veranderung von
Parametern die Leistung des Gesamtsystems beeinflussen kann. Damit konnen alternative
Techniken und Gesetze vor ihrer Einfuhrung auf der Ebene von landwirtschaftlichen Betrieben
getestet werden. Es ist auch ein nitzliches Mittel um die Praferenzen der Landbesitzer
herauszuarbeiten. Dieser Aspekt ist besonders wichtig, wenn man die Zunahme landwirtschaftlicher
Nutzflachen auf Kosten von Waldern und anderen natiirlichen Okosystemen betrachtet. Die hohe
Rentabilitdt mancher marktfahiger Agrarprodukte hat die negativen Auswirkungen des
Landnutzungswandels verstarkt, dennoch sollten Landbesitzer vorsichtig damit sein, Investitionen
nur aufgrund der zu erwartenden Einnahmen zu tatigen. Beispielsweise bietet die Risikoanalyse
interessante Erkenntnisse zur Planung fiir lange Zeitrdume. Vor diesem Hintergrund untersucht
diese Arbeit, ob die Anwendung geeigneter Okonomischer Ansatze zu veranderten
Landverteilungsmustern fiihren kann, wenn in den Landnutzungsmodellen die Praferenzen der

Farmer und die Unsicherheiten der Landnutzungsmaglichkeiten adaquat einbezogen werden.

In der ersten Veroffentlichung wurden Ansatze der Entscheidungsfindung unter Unsicherheit dazu
benutzt, die Kompensationszahlungen fiir Landwirte zu berechnen, welche unter Schatten
spendenden Baumen Kaffee anbauen und damit einen Beitrag zum Erhalt der Artenvielfalt leisten
und gleichzeitig auf die Pflanzung von Mais verzichten, der die lukrativste Kulturpflanze im
Sidwesten Ecuadors darstellt. Zwei Ansédtze wurden fir diese Analyse ausgewahlt: Die
Stochastische Dominanz, welche nur wenige Annahmen (ber die Praferenzen der Landwirte macht
und die Mittelwert-Varianz-Analyse, welche auf der Annahme einer Risikoaversion basiert. Da bei
der Stochastischen Dominanz alle oder zumindest viele Nutzenfunktionen des Investors einbezogen
werden, flhrte das zu sehr hohen Kompensationsbetragen. Diese waren doppelt so hoch wie die
Betrage, die durch die alternative Methode errechnet wurden, welche eine bestimmte konkave
Nutzenfunktion maximiert. Hierbei ist es wichtig zu erwahnen, dass fur den Vergleich zunéchst in
einem ersten Schritt beide Optionen als gegenseitig ausschlieBend betrachtet wurden. Vor dem
Hintergrund  risikoscheuer ~ Landwirte  erscheint es jedoch keine empfehlenswerte
Herangehensweise, die Alternativen als sich gegenseitig ausschlieBend zu betrachten. Um
kosteneffizientere Kompensationszahlungen zu identifizieren, wurden die Auswirkungen von

Diversifikation bei der Landnutzung getestet, indem auf einer Teilfliche der Anbau von
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beschattetem Kaffee ermdglicht wurde, wéahrend auf dem verbleibenden Land Mais gepflanzt
wurde. Um das optimale Verhaltnis zwischen beschattetem Kaffee und Mais zu berechnen, wurden
unter der Annahme einer moderaten und einer starken Risikoaversion Landnutzungsportfolios
erstellt. Basierend auf einer konkaven Nutzenfunktion lag das optimale Portfolio fir Landwirte mit
moderater Risikoaversion bei 27% beschattetem Kaffee und 73% Mais. Ein hoherer Anteil
beschatteter Kaffee war die beste Option fiir Landwirte mit starker Risikoaversion, weil sie weniger
Risiken mit sich bringt — 51% und 49% Mais. Der Erhalt von artenreichen Kaffee-Anbaugebieten war
das Ergebnis von okonomischer Diversifizierung, die als Absicherung gegen Risiken genutzt wird.
Folglich sollte die Politik die Farmer nur maRig mit Subventionen unterstlitzen, so dass sie die
Maglichkeit einer Diversifizierung nicht ganz beiseite lassen. Da die optimalen Portfolios immer noch
vom Maisanbau dominiert werden, waren Kompensationszahlungen nétig um den Anteil von
beschattetem Kaffee zu erhdhen. Die ndtigen Kompensationszahlungen, um 75% Anbau von
Schattenwald Kaffee zu erzielen, waren immer niedriger als die Kompensationen, die unter der
Annahme von sich gegenseitig ausschlieBenden Landnutzungsoptionen ermittelt wurden. Daraus
folgt, dass die Anregung zur Diversifikation dazu beitragen kénnte, die Hohe von
Kompensationszahlungen zu reduzieren, die zum Erhalt von weniger profitablen

agroforstwirtschaftlichen Optionen nétig sind.

In einer zweiten Veroffentlichung wurde die Okologische Landwirtschaft als umweltfreundlichere
Form der Landnutzung im Vergleich zur konventionellen Landwirtschaft als Teil eines optimalen
Landnutzungsportfolios in den von sehr profitabler konventioneller Bewirtschaftung dominierten
Tieflagen Ecuadors bewertet. Die grundsatzliche Fragestellung war dabei, ob 6kologisch angebaute
Bananen als Teil eines 6konomischen Landnutzungsportfolios in Frage kommen oder nicht. Die
Ergebnisse haben gezeigt, dass die Aufnahme 0&kologisch angebauter Bananen in das
Landnutzungs-Portfolio stark von deren finanzieller Unsicherheit beeinflusst wird. Es wurden zwei
Szenarien der Preisfluktuation fiir dkologisch angebaute Bananen simuliert: Beim ersten wurde
dieselbe Volatilitdt der Preise wie bei konventionell produzierten Bananen zugrunde gelegt, beim
zweiten wurde dagegen mit einer realistischeren, niedrigeren Preisvolatilitdt flr Okologische
Erzeugnisse gearbeitet. Selbst flr das Szenario einer hohen Preisfluktuation wurden Biobananen
fur fast alle akzeptierten Risikostufen mit einem Anteil von 1% bis maximal 32% in die
Landnutzungsportfolios aufgenommen. Flr das Szenario einer geringeren Unsicherheit der
finanziellen Ertrage von Biobananen erhdhte sich deren Anteil deutlich bis auf 57% sowie insgesamt
die jahrlichen finanziellen Ertrage. Unter der Annahme, dass beide Mérkte (konventionell und

okologisch angebaute Bananen) zu einem Markt verschmelzen (Integration) — dies wurde mit einem
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erhdhten Korrelationskoeffizienten der Einnahmen aus 6ékologisch und konventionell angebauten
Bananen (p bis zu= +0.7) simuliert — haben Biobananen nur dann einen bedeutenden Anteil der

Landnutzungsportfolios, wenn eine geringere Unsicherheit ihrer finanziellen Ertrage bestehen bleibt.

Auf Grundlage der Erfahrungen mit zwei biodkonomischen Landnutzungsmodellen geht eine dritte
Veroffentlichung in einem Literaturliberblick auf die Vor- und Nachteile von Anwendungen
biokonomischer Modelle auf Landnutzungsthemen ein, indem in der relevanten Literatur die
Berticksichtigung bzw. Vernachlassigung vier wichtiger Aspekte wie Bericksichtigung von
Unsicherheit, zeitlichem Eingang der Deckungsbeitrage, Systemdynamik und Zielfunktionen
analysiert werden. Integrierte Modelle zu konstruieren stellt eine Herausforderung dar, da eine
Vielzahl von Variablen und Prozessen beriicksichtigt werden muss. Die Fortschritte in der
mathematischen Programmierung ermoglichen eine simultane Beriicksichtigung verschiedener
Aspekte, dennoch mussen einige Methoden noch weiter angepasst werden. Obwohl in jingster Zeit
Mehrfachziele und nicht nur reine Profitmaximierung in die Landnutzungsoptimierung aufgenommen
worden sind, zeigt sich, dass eine solide Kombination von Mehrfachzielansatzen und
Unsicherheitserwagungen oft noch fehlt. Sehr ausgefeilte Modelle erweisen sich dann oft als zu
spezifisch und haben den Nachteil einer reduzierten Allgemeingiiltigkeit. Dadurch ist ihre
Ubertragbarkeit auf andere Zusammenhinge begrenzt. Demnach erbringen einfachere Modelle,
selbst die statischen, oft plausiblere Ergebnisse als die hochkomplexen. Um sie noch

leistungsfahiger zu machen, kdnnen sie mit neu verfiigharen Informationen aktualisiert werden.

Im Rahmen dieser Dissertation konnte gezeigt werden, dass die Modellierung mit Berticksichtigung
von Unsicherheit interessante Einsichten fiir die Forderung nachhaltiger Landnutzungspraktiken
liefert, auch wenn eine am Profit orientierte Landwirtschaft das gewdhnliche Verfahren fiir die
Landeigentimer darstellt. Obwohl die nachhaltige Landwirtschaft etwas weniger profitabel war als
die konventionelle, ergaben diese Optionen in allen Fallen ein geringeres Risiko als die
konventionelle Praxis. Dieses Merkmal macht die nachhaltige Landwirtschaft zu einer effizienten
Risikomanagementstrategie mit Vorteilen fur risikoscheue Landwirte. Es ist jedoch klar, dass
Anreize geschaffen und im umgesetzt werden missen, damit die konventionellen Landwirte zu einer
nachhaltigeren Landwirtschaft (bergehen. Eine angepasste Forderpolitik, finanzielle Anreize und
Technologietransfer werden den Ubergang von intensiver Landwirtschaft zu artenfreundlicher

Landwirtschaft erleichtern und gleichzeitig die Sorgen um die Lebensmittelsicherheit verringern.

Schliisselworter: Landnutzung, biologische  Landwirtschaft, Portfolio-Optimierung,

Ausgleichszahlungen, Unsicherheit
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Resumen

Resumen

El proceso de toma de decisiones constituye un tema de gran importancia en cuanto a uso del
suelo y distribucion de recursos. Sin embargo, es comun que las personas decidan sin suficiente
informacion sobre la ocurrencia de eventos futuros. El anélisis de la incertidumbre aplicada a temas
de uso del suelo es una herramienta valiosa para predecir como los cambios en los parametros
pueden afectar el desempefio de un sistema. A nivel de finca, permite evaluar los efectos de la
aplicacién de tecnologias alternativas y politicas previas a su implementacién. Ademas permite
integrar las preferencias de los propietarios de la tierra, siendo este aspecto fundamental
considerando el incremento de tierra agricola a expensas del bosque y otros ecosistemas
naturales. A esto debe sumarse la alta rentabilidad de ciertos cultivos que ha exacerbado el cambio
de uso, sin embargo, tomar decisiones unicamente en base a la rentabilidad puede ser engafioso.
El analisis de riesgos por ejemplo, ofrece interesantes aspectos a considerar para la planificacion a
largo plazo. Teniendo en cuenta estos antecedentes, el presente trabajo investiga si la aplicacion
de enfoques econdmicos puede modificar patrones actuales de uso de recursos, considerando que
las preferencias de los agricultores y la incertidumbre han sido apropiadamente integradas en

modelos de uso del suelo.

En un primer articulo, la toma de decisiones bajo incertidumbre fue aplicada para calcular
compensaciones para productores de café de sombra para evitar la conversion hacia maiz que es
la opcion mas rentable en el sur del Ecuador. Dos enfoques fueron empleados para este analisis:
Dominancia estocastica cuyas consideraciones sobre preferencias son muy amplias y Promedio-
Varianza que asume explicitamente aversion al riesgo. La inclusién de muchas funciones de
utilidad aplicando dominancia estocastica llevo dio como resultado compensaciones muy altas, el
doble del valor calculado con el método alternativo que maximiza una funcién de utilidad céncava.
Es importante mencionar que en un primer paso se calcularon compensaciones considerando
ambas alternativas como excluyentes. Sin embargo, este escenario no es el mas adecuado, si se
tiene en cuenta que los agricultores tienen aversion al riesgo como se ha demostrado en estudios
previos. Por este motivo se considerd los efectos de la diversificacion sobre las compensaciones.
Los portafolios de uso del suelo se calcularon usando dos tipos de aversion al riesgo, moderada y
extrema. El portafolio 6ptimo considerando aversion moderada al riesgo fue 27% de café sombra y
73% de maiz. Para los agricultores con mayor aversion al riesgo un porcentaje mayor de café fue
preferible 51%, y 49% de maiz. La diversificacion tiene como consecuencias una menor exposicion

a riesgos, mejor balance de ingresos y una implicita proteccion de la biodiversidad. Como
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consecuencia, las compensaciones deben realizarse cuidadosamente para no tener efectos
contraproducentes sobre las opciones de diversificacion. Para incrementar el porcentaje de café es
necesario pagar una compensacion, sin embargo para incrementar el porcentaje a 75% por ejemplo
considerando un escenario de diversificacion resultd mucho mayor que bajo un escenario de usos
excluyentes. Asi, la diversificacion es una alternativa para disminuir las compensaciones requeridas
para preservar usos de suelo deseables desde el punto de vista ambiental pero con menor

rentabilidad.

En un segundo articulo, la agricultura organica fue evaluada como parte de portafolios de uso del
suelo en la costa ecuatoriana donde domina la agricultura comercial. El objetivo fue evaluar si la
banana organica puede ser parte de portafolios optimos de uso del suelo. Los resultados
demostraron que la aceptacién depende en gran medida de su incertidumbre econdmica. Dos
niveles de incertidumbre fueron evaluados, el primero usando la misma volatilidad de precios que la
banana convencional y la segunda basada en la volatilidad de precios registrada para productos
organicos. Como resultado, la banana organica fue incluida en portafolios en casi todos los niveles,
en proporciones desde el 1% hasta el 32% a pesar del alto riesgo simulado. En el escenario donde
se consideréd una volatilidad menor el porcentaje de banana subid hasta el 57%. Ante la
posibilidad de que ambos mercados se integren simulado con un incremento en la correlacion de
ambos productos (p hasta= +0.7), la produccion organica alcanza porciones significativas
solamente si se considera una baja incertidumbre en sus precios, de lo contrario se excluye de los
portafolios dptimos. Dado que informacién histérica de precios de banana organica confirma su
menor volatilidad, esta opcién es recomendable para los productores como una estrategia para

reducir riesgos.

En base a la experiencia con dos modelos bioecondmicos, un tercer articulo analiza las ventajas y
limitaciones del uso de modelos en la planificacion del uso del suelo, y cémo se han integrado
importantes aspectos como la incertidumbre, tiempo, dinamica de los sistemas y funciones objetivo
multiples. Es importante resaltar que la inclusién de varios aspectos es muy compleja por la gran
cantidad de informacion y procesos que se integran simultaneamente. A pesar de un progreso
evidente en el campo de la programacion matematica algunas metodologias requieren
perfeccionarse. El uso de funciones objetivo multiples va ganando terreno en el campo de
planificacién de uso del suelo, sin embargo se evidencia que frecuentemente no se aplica este tipo
de funciones en combinacién con analisis de incertidumbre. Ademas, modelos muy especificos y
complejos tienen la desventaja de ser dificilmente transferibles a otros contextos. Por tanto, el uso

de modelos sencillos, incluso estaticos, demuestra ser todavia una opcidn vélida frente a modelos
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complejos y para mejorar su desempefio pueden actualizarse cuando nueva informacién esté

disponible.

A través de esta investigacion fue posible demostrar que la modelacidn bajo incertidumbre ofrece
interesantes alternativas para promover usos de suelo mas sostenibles incluso cuando la
agricultura comercial es la estrategia usual de los agricultores. Incluso si las opciones que se
consideran tienen menor ingreso que la agricultura convencional, generalmente involucran menor
riesgo. Esta caracteristica hace que la agricultura sostenible sea una excelente estrategia para
reducir riesgos. Sin embrago es claro que para convencer a los agricultores convencionales es
necesario compensarles por las ganancias que no percibiran al optar por formas de agricultura
menos intensivas. Politicas adecuadas, incentivos financieros y transferencia de tecnologia
facilitaran la transicion reduciendo la preocupacién sobre la biodiversidad y la seguridad

alimentaria.

Palabras clave: uso del suelo, agricultura organica, optimizacién de portafolios, compensaciones,

incertidumbre
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Introduction

1. Introduction

Producing food subject to sustainable standards is one of the most challenging scenarios
nowadays. The accelerated growth of population has triggered the demand of food worldwide with
dramatic effects on ecosystems’ diversity and functionality (Lalani et al. 2016). Land-use schemes
have habitually been designed to meet the needs of societies with little consideration about their
impacts of the environment (FAO 2016). Sustainability issues have positioned now in the public
debate because consequences of unsustainable land-use are affecting human populations directly
(e.g. biodiversity loss and climate change) (Blasi et al. 2016). Thus, efforts must be devoted to
develop approaches able to meet the population demand for natural resources without

compromising ecosystems functions necessary to maintain a balance between production and use.

Even though unsustainable land use is a matter of concern around the globe, it is particularly
important for developing countries because the following conditions create a vulnerable situation.
First, their economies depend to a large extent on raw materials and primary sectors like agriculture;
second, population growth and demand of land for food production is a permanent threat for natural
ecosystems; third, tropical countries hold priority areas for conservation (FAO 2016). Ecuador, for
instance, is among the most biodiverse countries in the world despite its small size (Lizcano et al.
2016). In this country agriculture represents approximately 8% of the Gross Domestic Product
(INEC 2014); it is also among the major contributors to carbon emissions caused by land-use
change and land degradation (World Bank 2009, Bertzky et al. 2010, FAO 2016). Thus, actions

towards sustainable land-use are urgent and should be a main concern for policy makers.

Research institutions and development agencies have allocated enormous amount of resources to
address land use related topics. In the 60°s the main problem was food availability, to deal with this
issue efforts focused on increasing the productivity of farming systems by means of intensification
(Garnett et al. 2013). Global aggregate food production grew significantly as consequence of the
application of technologies to improve soil fertility, irrigation, mechanization and the use of high
yielding crop varieties (Firbank et al. 2008, Nin-Pratt and McBride 2014). Nowadays, most concerns
are related to the unsustainable methods applied to increase food production and their
consequences on ecosystems (Hazell and Wood 2008, FAO 2010, Power 2010, Baudron and Giller
2014). Intensive use of soil leads to nutrient depletion and degradation (Stoate et al. 2009). Water is
often used inefficiently for irrigation causing water logging and salinization and approximately 30-
80% of nitrogen leakages to contaminate water systems (Pretty 2008). Intensive farming is also a
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critical source of greenhouse gases due to increased use of fertilizers and energy (Baudron and
Giller 2014).

Detrimental impacts of intensive farming on the environment make clear the urgency to adopt more
sustainable methods to produce food (FAO 2016). Ponisio et al. (2014) point out that sustainability
may only be achieved if food is produced in a way that allows protection, use and regeneration of
ecosystem services, but still allows efficiency in terms of productivity (Tscharntke et al. 2012).
Approaches embracing the sustainability philosophy are wildlife-friendly, community-based, organic
and permaculture to mention some of them, which in practice refer to a reduction of external inputs
(Pretty 2008) and from here onwards will be referred in this text as sustainable farming. Common
practices under these schemes are integrated control of pests and diseases, crop diversification,
agro-ecology, precision farming and restoration of abandoned lands (Tscharntke et al. 2012, Knoke
et al. 2009a, Knoke et al. 2012).

Ecological benefits of sustainable farming schemes are evident (Sherwood and Uphoff 2000, Liu
2008, Power 2010, FAO 2010). Unfortunately, sustainable farming is often perceived as less
profitable than conventional farming (Adl et al. 2011, Ponti et al. 2012, Patil et al. 2012). If
comparisons are made solely based on a classical accounting frame, in which externalities (either
positive or negative) are neglected, sustainable farming might result less attractive, due for instance
to increased labor costs (Grieg-Gran et al. 2005, Bryan 2013). This perverse accounting system
neither forces conventional farmers to assume their negative externalities, nor rewards farmers
involved in sustainable schemes for delivering important ecosystem services (Wunder and Alban
2008). Similarly, if avoided environmental costs of reducing external inputs were included in the
accounting systems, benefits could be more plausible for farmers (Gordon et al. 2007, Beckman et
al. 2013). In order to implement appropriate incentives to sustainable farming, approaches must
understand the complex economics of farming systems (Radulescu et al. 2014). Moreover, states
must provide legal and institutional frameworks in order to create conditions to engage land users
with sustainable alternatives (FAO 2016). Offering inducements and compensations could be a

feasible alternative (see Mo6hring and Ruping 2008 for a forestry example).

Considering this background, expectations about large scale shifts towards sustainable farming
must be cautious because a transition from conventional farming represents a challenge to land
owners due to economic concerns, lack of expertise and uncertainties (Tscharntke et al. 2012,
Ponisio et al. 2014). As farming is very sensitive to natural and financial risks, addressing

uncertainty is pivotal to guide farmers’ decision making. By including uncertainty in land-use models,
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farmers have the opportunity to consider multiple scenarios and select those that better fit their
preferences. Interesting shifts in resource allocation have been reported when perceptions about
risks and profitability are considered simultaneously (Castro et al. 2013, Castro et al. 2015).
Unfortunately, economic assessment of land-use options often disregards uncertainty (Castro et al.
submitted).

Nevertheless, farmers do not need to select between mutually exclusive land-use options, a
combination of assets can also be an alternative to facilitate transitional stages. Despite
diversification has been considered in land-use modelling in the past (for examples in forestry see
Clasen et al. 2011, Hartl et al. 2015), it has hardly been analysed in a portfolio-theoretic framework,
if at all, and if, how much land should be allocated to sustainable farming. The impact that
diversification might have on the amount calculated as compensation has never been evaluated so
far either. Thus, this thesis is among the early applications of optimal land-use diversification to
foster sustainable farming considering land owner’s preferences. Bringing these theoretical
analyses to the conditions of the farming sector of a tropical county like Ecuador provides a perfect
case scenario to analyze the consequences of economic approaches to guide landowners’
decisions. In this country climate scenarios have suggested that corn, rice, soybeans, cocoa and
banana are vulnerable to climate change, thus projects should be implemented to reduce the
vulnerability of the sector (World Bank 2009). Consequently, land-use diversification is applied to the
case of Ecuadorian farms producing by means of profitable monocultures, in areas where

sustainable farming need to be adopted to reduce negative impacts of conventional farming.

The hypotheses tested in this research are the following:

1. Mean-variance decision rules address farmers’ risk aversion more proficiently than
stochastic dominance and allow calculating more cost-effective compensations.

2. Land-use diversification reduces the amount required to compensate farmers for switching
to environmentally friendly land uses such as agroforestry.

3. The inclusion of sustainable land uses into efficient land-use portfolios is driven by the
uncertainty of their economic return.

4. Basic bio-economic models are more recommendable than complex models to support

decision making.

Three papers form the backbone of this thesis, they contribute to understanding the impact of
economic approaches to promote sustainable land use by analysing the effects of uncertainty on
decision making at the farm level (Table 1).
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Table 1. Overview of the publications on which the dissertation is based

List of publications

Summary

Division of labor

Castro, L.M., Calvas, B., Hildebrandt,
P., Knoke T., (2013). Avoiding the
loss of shade coffee plantations: how
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risk-averse land-users. In:

Agroforestry Systems 87, 331-347

Castro L.M., Calvas B., Knoke T.,
(2015). Ecuadorian Banana Farms
Should Consider Organic Banana
with Low Price Risks in Their Land-
Use Portfolios. In: PLoS ONE 10(3)
doi:10.1371/journal.pone.0120384

Castro L. M., Hartl, F., Ochoa, S.,
Calvas, B., Knoke T. (Submitted).
Potentials and limitations of
integrated bio-economic models as
tools to support land-use decision
making: Submitted to Journal of

Bioeconomics

The publication analyzes two
methods (stochastic dominance
and mean-variance) to derive
compensation payment for risk-
averse farmers growing shade
coffee, in areas where maize is
the most profitable option.

In this publication organic farming
is assessed as part of land-use
portfolios in combination with
conventional and highly profitable
options, considering different
levels of risk. As organic banana
holds lower price risk than
conventional banana, it becomes
a good component of land-use
portfolios for Ecuadorian farmers.
The publication describes
advances related to integrated
bio-economic modelling. Through
an analysis of the application of
uncertainty, systems and time
dynamics and multiple objective
functions, we analyze whether
complexity may improve overall

performance of land use models.

Concept and design: LMC, TK
Data collection; LMC, BC
Data analysis: LMC, PH, BC
Writing the article: LMC, BC,
PH, TK

Concept and design: LMC, TK
Data collection: LMC, BC

Data analysis: LMC, TK
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Concept and design: LMC, TK
Data collection: LMC, BC
Data analysis: LMC, FH
Writing the article: LMC, FH,
SO, TK

LMC: Luz Maria Castro; TK: Thomas Knoke; BC: Baltazar Calvas; PH: Patrick Hildebrandt; FH: Fabian Hartl,

SO: Santiago Ochoa
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2. State of the art
2.1. Approaches to sustainable land use

Economic growth has affected the relation of humans and the environment, resulting in substantial
degradation of ecosystems and natural resources due to increased demand of goods (FAO 2016).
Economic growth together with population growth has an enormous impact on the demand of
natural resources. Thus, food security is one of the main concerns and for many years scientists
considered that agricultural intensification was the only way to produce enough food (Schut et al.
2016). Nowadays, there is consensus that increments in food supply should not compromise
ecosystem integrity (Tilman et al. 2002, Poppy et al. 2014). To achieve sustainability, farming
systems must embrace economic, social and environmental aspects (Pretty 2008). However
bringing these aspects together results complicated in practice due to a series of trade-offs between

conservation and economic goals (Nguyen et al. 2015).

Scientific debate concerning sustainable farming was for several years focussed on two mutually
exclusive approaches: land sharing and land sparing. Land sharing is an approach to sustainable
farming in which biodiversity conservation and food production are integrated on the same land
(Phalan et al. 2011). Even though this form of agriculture is able to host more biodiversity than
conventional farming, it received criticism due to likely lower yields, which in the long run could lead
to deforestation to increase farming land in order to produce similar yields than those achieved in

conventional farming (Green et al. 2005).

In land sparing, farming and conservation occur in separated land. Thus, agricultural areas are used
intensively to achieve high vyields from a relatively small area. These agricultural systems are
typically industrial in style and strive for maximum economic efficiency. Biodiversity is confined to
nature reserves often on government-managed land, because farmers lack short-term economic
incentive to manage land for conservation (Green et al. 2005, Fischer et al. 2008). A shortcoming of
land sparing is the difficulty to deal with the negative externalities of (conventional) intensive

farming.

An alternative to achieve similar yields than under conventional farming is sustainable
intensification, which is less dependent on harmful technologies (Pretty et al. 2008). Poppy et al.
(2014) suggest that practices and technologies following this approach require strong innovation to
guarantee sustainability. Even though sustainable intensification may reduce negative externalities

compared to conventional intensive farming; a meaningful increment of biodiversity is not

20



State of the art

necessarily expected to happen following this type of approach. Thus, a radical rethinking of farming
is required to respond to context and location issues (Garnett et al. 2013, FAO 2016). Phalan et al.
(2011) suggest that intensive farming and wild-life friendly farming should no longer be regarded as

opposite approaches and should rather be combined to achieve sustainable land-use.

Comprehensive land-use concepts have been proposed by Odum (1969) in the “Compartment
approach” and more recently by Gardner et al. (2009). Authors coincide that landscapes should be
regarded as contiguous land-use mosaics of well-connected habitats to support biodiversity and
deliver multiple services simultaneously (Bennet et al. 2006). With this background Knoke et al.
(2012) proposed an approach to integrate intensive sustainable farming with agroforestry and forest
plantations. Even though methodologies based on optimization routines are available, only few
studies have applied land allocation in agricultural studies at the farm level (for examples in forestry
see Clasen et al. 2011, Hartl et al. 2014). Hence, it is imperative to assess how different land-use
types can be integrated following economic and biological processes in combination with farmers’

preferences.

This section introduces a description of the most widely spread farming schemes fitting sustainability
considerations, which have an improved performance in terms of ecosystem functionality compared
to conventional farming. A brief description of contributions and shortcomings of each type of
farming is also included in an attempt to extend the analysis about the effectiveness of mutually
exclusive land-use options —even the biodiversity-friendly ones- compared to more diversified

schemes.

2.1.1. Wildlife-friendly farming

In wildlife-friendly farming a close integration of low-input farming and conservation takes place
(Pywell et al. 2012). Typical characteristics of wildlife-friendly farming include high level of spatial
heterogeneity attained by combining several layers of vegetation (trees, shrubs and crops) with
patches of native vegetation (Fischer et al. 2008). The most widespread form of wildlife-friendly
farming is agroforestry; due to their diverse composition agroforestry systems are able to deliver
food, fibre and firewood to local dwellers (Ribaudo et al. 2010, Buechley et al. 2015). A relevant
feature of agroforestry areas is their ability to deliver important ecosystem services in human-
intervened landscapes (Pollini 2009). Scientific reports have indicated their potential to remove and
store atmospheric carbon dioxide through enhanced growth of trees and shrubs (Goodall et al.
2015). They also provide shelter for flora and fauna and connect isolated patches allowing the flow

of species (Pandey 2002; Perfecto et al. 2005). Additionally, agroforestry systems play an essential
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role as transitional areas surrounding protected areas (Perfecto and Vandermer 2010, Greenler and
Ebersole 2015).

Despite the benefits provided by agroforestry systems, large areas are converted into industrial
farming (Olschewski et al. 2006). Should this trend continue, agroforestry areas that provide food
security to rural dwellers might be significantly reduced due to the high demand for cash crops
(Benitez et al. 2006, Fischer et al. 2008). Trade-offs among biodiversity conservation and
productivity are at the core of the debate about agroforestry, as more biodiversity occur in areas of
high structural complexity under extensive use (Valkila 2009, Goodall et al. 2015). Pollini (2009)
points out the economic performance of agroforestry systems as the main cause for its low
adoption, despite having better ecological outcome than conventional systems. Productive activities
consisting of forest management or agroforestry are often not attractive at the farm level because
they constitute long term investments; small scale farmers have preference towards short term

options with earlier payback periods (Benitez et al. 2006).

Shade coffee is the most widely spread form of agroforestry and the most important tropical
commodity (Buechley et al. 2015). The importance of the coffee sector is acknowledged globally
despite market shocks caused by the entry of new producers or loses due to disease, which
permanently affect the stability of coffee prices (Capa et al. 2015). The instability of the coffee
market has led to land abandonment and conversion to more profitable crops. In order to halt this
trend, mechanisms such as price premiums and renovation of plants have been implemented (Leigh
2005). Price premiums have a large range of targets, being grain quality the most important
(Buechley et al. 2015). Other schemes also recognize labour rights and biodiversity hosting, but
several ecosystem services are still neglected (Goodall et al. 2015). Wildlife-friendly farming
schemes are not likely to thrive, if an adequate compensation is not paid to farmers. Thus, it is
important to determine the best methods to derive cost-effective compensation payments

considering farmer’s preferences to prevent further conversion process.

2.1.2. Organic farming

Organic agriculture is an environmentally friendly approach to agriculture, which largely excludes the
use of synthetic fertilizers, pesticides, growth regulators, and livestock feed additives (Yadav et al.
2013). A strong effort is placed to maintain soil fertility by careful mechanical intervention and
effective recycling of organic materials produced within the farm (Yadav et al. 2013). The terms
‘organic’ and ‘sustainable’ are not equivalent though; organic farming may or may not practice the

full suite of techniques characterizing sustainable agriculture (Ponisio et al. 2014).
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Organic farming represents only 1% of total agricultural land (Willer et al. 2009, Crowder and
Reganold 2015). In order to promote organic farming to a larger extent, two assumptions must be
refuted: a) reduction in yield due to decreased germination and loss to disease, and b) increased
costs of production (Badgley et al. 2007, Adl et al. 2011, Seufert et al. 2012). A recent study
conducted by Crowder and Reganold (2015) conclude that in spite of lower yields, organic
agriculture was significantly more profitable than conventional agriculture after analyzing 55 crops
grown in five continents. Despite that organic systems require 35% more labor than conventional,
reduced costs of fertilizers and pesticides represent an important advantage (Pimentel et al. 2005,
Liu 2016). Accordingly, the extra costs generated by adopting organic standards are supposed to be
more than offset by the price premium that consumers pay when purchasing products with a
sustainable label (Liu 2008).

2.1.3. Afforestation on abandoned land

The on-going intensive use of land for agriculture and cattle ranching is the main cause for
degradation, and abandonment, which increases the risk to erosion and fire (Sherwood and Uphoff
2000, Stoate et al. 2009, Power 2010). Abandoned areas can undergo natural succession or be
subject to active restoration through afforestation (Nadal-Romero et al. 2016). Even though
reclaiming abandoned areas to resume production is rarely considered an advisable alternative,
afforestation with native species represents an opportunity to increase the natural capital and
enhance ecosystem services provision (carbon sequestration, soil amelioration, biodiversity shelter
etc.) (Knoke et al. 2009a, Phalan et al. 2011, Singh et al. 2012).

Singh et al. (2012) indicate that afforestation with multiple tree species improves soil fertility and
restores site conditions improving soil properties. Besides accumulation of biomass, it also
stimulates the autogenic succession and alters the structure and stability of communities. The
accumulation of litter by different tree species promotes the enrichment of soil fauna and activates
processes of nutrient cycling (Wang et al. 2011). A comprehensive study by Knoke et al. (2014)
indicates that afforestation with native species and restoration of agricultural potential must be part
of land-use planning. This aspect is essential, as re-utilization could not only mitigate the increasing
pressures on natural forest, but also alleviate poverty by improving food security. Restoration might
not be attractive for landowners as individual alternative; nevertheless, it could be combined with
other land-uses to deliver financial and ecological benefits (Singh et al 2012).

According to Craciunescu et al. (2014) many afforestation projects have achieved success, with

degraded lands reinstated into the productive circuit. Some problems related to afforestation
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projects constitute the high upfront investments from establishment to tree consolidation.
Uncertainties limit private interest for afforestation on degraded lands because restoration lacks
financial attractiveness. Several countries have implemented programs to promote forestry
initiatives. In Ecuador the Ministry of Agriculture, Livestock and Fisheries developed a strategy
which has the goal to promote afforestation with commercial purposes and restoration (MAGAP
2015). This program includes incentives such as devolution of 75% -100% of the investment after
the plantation has been implemented and the survival of the trees has been assured. The program
includes species such as Andean alder (Alnus accuminata), balsa (Ochroma piramidale), laurel
(Cordia alliodora) among other, which due to their fast growth and production of litter are able to
facilitate restoration on degraded lands and produce commercial timber within short time periods
(Knoke et al. 2014, Castro et al. 2015)

2.2. Mechanisms to promote sustainable land uses: Compensation payments

Sustainable land use is a main concern for decision makers. In order to promote sustainable
alternatives several strategies have been developed and tested in the field (Kemkes et al. 2010).
Command and control seek to prevent overuse of inputs by implementing bans and taxes on
conventional farming, however, shifts towards desirable levels of sustainability were only modest.
Thus, a second generation of policies focused on rewarding land owners” best practices by means
of financial incentives such as compensation payments (Bureau, 2005). Knoke (et al. 2008a) point
out that the amount paid to farmers must be determined using appropriate methodologies in order to
use public and private funding for conservation in efficient ways. Most compensations payments are
determined based on old fashioned methodologies reduced to simple accounting models, which
systematically neglect externalities and simply quantify resource budgets in terms of inputs and
outputs (Kragt 2012). In order to analyze the performance of land-use systems in a comprehensive

way, methodologies must be updated to amend market failures.

Pretty et al. (2008) conducted an interesting study in which they analyze how prices for agricultural
products do not reflect the full costs of farming. When negative externalities are neglected, an
underestimation of actual costs of producing food takes place which affects prices of commodities.
This situation causes a distortion on markets encouraging activities that are costly to society even if
the private benefits are substantial. Positive externalities of sustainable farming are also neglected
by the market. Olschewski et al. (2006) analyzed the impact of reduced pollination services caused

by destruction of forest adjacent to shade coffee areas on net revenues in Ecuador and Indonesia.
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They found that a decrease in pollination services affects profits by reducing yields, which leads to

lower gross revenues even if market prices remain constant.

Bryan (2013) points out that the failure of markets to internalize environmental costs associated with
land-use and management decisions is a primary reason for degradation. To address this issue
market-based policy instruments have slowly percolated to redress market failures. Instruments
such as direct payments, tax incentives, voluntary markets, and certification programs are part of
agri-environmental schemes (Wendland 2008). The main aspects about incentives is that they may
change the relative profitability of land uses and provide a price signal for landholders to change

land use, provided they are appropriately supported.

Even though profitability is known to be a major driver of land use change and adoption of
conservation technologies, other less-well-known factors such as uncertainty and option values are
also important. Predicting the response to incentives is extremely challenging due to the large
number of determinants involved in the process (Bryan 2013). Incentives in the form of
compensation payments may have the desired effect only if they reach the land users in ways that
influence their decisions to allocate resources in sustainable ways. This implies that compensation
must cover forgone profits and costs associated with adopting and maintaining sound practices
(Larsen 2009). In theory participants in a compensation program must also decide how many
hectares will be devoted to the program and how many hectares that will be kept in conventional
production. Under the very simplifying assumption that a farmer maximizes profits and is risk-
neutral, he/she will choose to participate only if the profit is equal to or larger than the land
opportunity costs. Nevertheless, strong risk aversive farmers have demonstrated to be willing to
accept less compensation if the sustainable option is less risky than the conventional one (Knoke et
al. 2008a).Thus, understanding the economics of the farming system is imperative to determine the

appropriate amount and form of payment.

2.3. Decision making under uncertainty applied to land-use problems

The management of various uncertainties is one of the main challenges in land-use management.
Landowners have to cope with natural and financial risks which affect their income (e.g. weather
risks, pest risks, disease risks, market risks, etc.) (Radulescu et al. 2014). Understanding how
farmers make their decisions is crucial to design strategies to foster sustainable land-use.
Profitability of land-uses influences farmers” decisions; nevertheless, motivations are more complex
than simply profit maximization (Ribaudo et al. 2010). Uncertainty represents the limited knowledge

about future decision consequences (Hirshleifer and Riley 2002).The effects of uncertainty have
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been analyzed in many fields of decision analysis (Bawa 1975, Machina 1987, Gotze et al. 2008).
Nevertheless, this type of analysis is relatively novel in natural resource management (Kangas and
Kangas 2004, Benitez et al. 2006, Knoke et al. 2008a, Hildebrandt and Knoke 2011, Clasen et al.
2011).

Landowners allocate scarce resources to meet their objectives. Their objectives include aspects
such as ensuring family welfare, maximizing returns or minimizing risks. Available technology,
assets, land tenure, market conditions and other factors constrain the choices that farmers have
available (Angelsen et al. 2001). Identifying the objective function of farmers enables to attain
results that are more reliable at the moment of modelling land-use decisions at the farm level. The
objective function states which goals the farmer wants to achieve. Depending on the objective
function, farmer’s decision making can be modeled in different ways: profit maximization, profit
maximization minus some risk penalty, maximization of expected utility and objective functions

based on different various objectives (Janssen and van lttersum 2007).

The expected utility theory is one appropriate opportunity to adequately address farmers’
preferences. This theory states that the decision maker chooses between uncertain prospects by
comparing their expected utility values. Utility functions provide a method to measure the
landowners’ preferences for wealth, and the amount of risk they are willing to bear in the hope of
attaining greater wealth (Hildebrandt and Knoke 2011). Different types of utility functions are used to
describe the attitude of the decision maker towards risk: linear increasing utility functions for risk
neutral decision makers (U(x) >0; U(x) "=0), convex increasing functions for risk seeking (U(x)>0; U
(x)"">0), concave increasing functions for risk avoiding decision makers (U(x)>0; U(x)'<0) and
combinations of them (Hildebrandt and Knoke 2011). Risk aversion is assumed to be a common
behavior of farmers; consequently, most studies use concave utility functions (Baumgartner and
Quaas 2010). Nevertheless, assumptions regarding risk preferences must be selected carefully and
should consider that preferences are not always constant over the entire planning horizon, but

rather depending on temporal circumstances (e.g. Post and van Vliet 2006).
Risk management strategies

In general, it is reasonable to expect that farmers will choose productive activities that maximize
their well-being, given the resources and opportunities available to them. However, as typically
farmers are regarded as risk-averse, strategies to reduce the uncertainties inherent to agricultural
production provide beneficial effects (Ogurtsov et al. 2008, Knoke et al. 2011). Farmers hedge risks

by mixing two or more land-use options whose financial returns fluctuate independently from one
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another (low correlations) (Anderson 2003). The relationship between risk levels and diversification
is explained by the overall reduction of risks when additional assets are added to a single product
portfolio. In periods when one asset generates unexpectedly great returns, other options might have
a rather poor performance, and thus the combination of several assets may compensate for the
unexpected losses keeping the overall returns stabile. These financial risk interdependences must
be considered for optimized land-use diversification to reflect the risk-reducing effects that can be
achieved (Knoke et al. 2011).

A well-recognized method for finding the optimal diversification strategy is the Portfolio Theory
developed by Markowitz (1952). This theory has been used, for instance, to further develop von
Thiinen’s economic land-use theory (von Thiinen 1842) using a portfolio-theoretic reformulation
(Knoke et al. 2013). In a more recent analysis Markowitz (2010) indicates that his famous portfolio
theory was proposed in a normative sense to suggest the best scenario and in a positive sense, too,
as a hypothesis about investor behavior. Even though normative models may hardly be tested
empirically (see Roll 1977), they still can help forming comprehensible land-use scenarios and
delivering valuable hints for efficient land-use strategies (Knoke et al. 2013). These kinds of models
have been applied in the past in order to model decisions on land allocation to various land-use
practices from an economic perspective and to derive cost-effective conservation strategies (Clasen
et al. 2011, Knoke et al. 2013).

2.4. Bio-economic modelling at the farm level

Application of bio-economic modelling is a trend nowadays to promote optimal resource allocation
and management. Its application has been reported in fisheries, forestry and agriculture (Kragt
2012). Bio-economic models are simplified representation of real world problems, as all models are;
its particular feature is the combination of biological and economics aspects (Brown 2002). Most bio-
economic models are built following normative and mechanistic approaches in order to make

recommendations for managers about the best scenarios available to them (Delmotte et al. 2013).

In order to achieve optimal resource allocation, bio-economic models are solved by applied
optimization routines, which depend to a large extent on the type of objective function (Herrero et al.
1999, Kragt 2012). Objective functions can be modeled in different ways: profit maximization, profit
maximization minus some risk factor, maximization of expected utility and multiple objective
functions (Janssen and van lttersum 2007). For instance, linear programming is widely applied to
problems which consider only an objective function aimed to be either maximized or minimized. In

linear programming, each possible solution is represented as a linear combination of activities and a
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set of constraints which represent the minimum or maximum amount of a certain inputs available for
the system (Ten Berge et al. 2000, Janssen and van lIttersum 2007). An advantage of linear
programming is its versatility; it can be used to integrate uncertainty in stochastic (Acs et al. 2009)
and robust applications (Knoke et al. 2015). Some problems, however, demand a nonlinear
programming solution (Bradley et al. 1977). Thus, activities must be defined in such a way that all
nonlinearities are embedded in the values of the input-output coefficients (Ten Berge et al. 2000).
Nonlinear programming is applied to the portfolio-theoretic framework offering a feasible solution by
combining expected return and risk in one objective function; making it possible to reach two
aspects at the time to maximize the expected economic return and to minimize risks (Clasen et al
2012, Castro et al. 2015). In situations when researchers expect to reach multiple objectives,
techniques based on goal programming are recommended (Charnes et al. 1955, Charnes 1977).
This technique establishes a target for each goal and seeks to minimize the deviations between the

actual goals and their target levels (Hazell and Norton 1986).

In order to resemble real systems, scientists have attempted to integrate several aspects to bio-
economic models (e.g. uncertainty, time dynamics, biophysical interactions and multiple objectives
(Castro et al. submitted). Models include uncertainty in order to address natural variability of input
factors; it can be incorporated by applying stochastic and non-stochastic robust programming (Birge
and Louveaux 1997, Beyer and Sendhoff 2007, Bertsimas et al. 2011). In stochastic programming
uncertainty is represented by probability functions of real system parameters, it thus depend to a
large extent on the availability of precise information about the occurrence of a specific future event
and the randomness of the events occurring in nature (Yu and Jin 2012). As information can be
scarce, probabilities can be derived using historical data using Monte-Carlo simulation (Knoke and
Wurm 2006). This method enables integrating various sources of risk that affect the dispersion of
return, which makes it particularly convenient to land-use management problems (Griess and Knoke
2013). Approaches for modelling decision making within a probabilistic framework are stochastic
dominance, downside risk and mean-variance (Benitez et al. 2006, Hildebrandt and Knoke 2011).

A method to include uncertainty in bio-economic models demanding less amount of information is
non-stochastic robust optimization. This method, however, needs at least some specification of
possible input data variations (see Knoke et al. 2015). It gives all considered data perturbations an
equal weight and does not assign various probabilities to specific events (Ben-Tal et al. 2006,
Bertsimas et al. 2011).. Thus, parameter variation is integrated using pre-defined uncertainty sets
over which optimization is carried out resulting in robust solutions (Knoke et al. 2015). The
difference between robust optimization and sensitive analysis is how the fluctuating parameters are
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integrated in the optimization process; in sensitive analysis is a post optimization process to test

how changes in parameters may affect the results (Yu and Jin 2012).

The influence of time on decision making has been captured by means of dynamic modelling
(Bertsimas et al. 2011). The field of time dynamics has made it possible to integrate feedbacks and
interactions between time periods. The term “dynamic” involve that decisions in one period depend
on events in a previous period. Thus, agents know that one period later more information would be
available, and they can revise their decisions for the next period (Samuelson 1969). The possibility
of analyzing the effect of different mechanisms before, during and after their implementation makes
dynamic modelling a great tool for decision making. Nevertheless, routines to incorporate such
interactions demand sophisticated software and are thus more expensive (Castro et al. submitted).
Static models lack the ability to incorporate such interactions; nevertheless, they can model what
happens over time, but time itself is not embodied in the model (Bertsimas et al. 2011). Despite this
limitation, static models are still widely applied to land-use problems. An alternative to enhance its

performance is to run the models when new information is available (Castro et al. submitted).

Another important step towards integrative bio-economic modelling has been the integration of
biophysical interactions and feedbacks occurring at the ecosystem level and how they influence
agents facing a sort of decision variables (Brown 2000). This particular field has experienced an
important growth in terms of the number of studies addressing the topic and its importance to
understand how systems operate (Griess et al. 2012, Larkin et al. 2008). Nevertheless, when a
scientist studies profoundly a system in particular and models its behavior, the model becomes quite
specific, which reduces the possibility of replication and escalation to other contexts (Castro et al.
submitted).

In general, bio-economic models provide interesting insights to address land-use issues due to the
variability of methodologies available to fit each decision problem. Regardless the type of model
selected by the researcher or the objective function, bio-economic models can assist decision
making proficiently and guide agents to make better choices from a portfolio of modelled scenarios.
Additionally, they constitute a great tool when only scarce information is available. If models
integrate aspects such as uncertainty and multiple objectives simultaneously, their predictive
capacity is enhanced allowing more plausible results. Nevertheless, tradeoffs among accuracy and
simplicity must always be pondered by the researcher while designing a proposal in order to avoid

creating overly complex models.
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3. Material and Methods
3.1. Methodological approach

In order to investigate the influence of uncertainty on land-use modelling, approaches based on the
expected utility approach are applied to the Ecuadorian context considering conventional and
sustainable land uses. First, a short theoretical description of stochastic dominance and mean
variance is presented and their suitability to derive cost-efficient compensation payment (Castro et
al. 2013). This is followed by a description of the theoretical basis for Markowitz" portfolio
optimization applying nonlinear programming as a tool for diversification purposes (Castro et al.
2013, Castro et al. 2015). Afterwards, the process to evaluate how bio-economic models have
evolved to integrate multiple objectives, uncertainty and system dynamics following various
programming techniques is presented and analyzed, as reviewed in Castro et al. (Submitted).
Finally, this section includes the description of the two case study regions on which the suitability of

the economic approaches to improve decision making at the farm level was tested.

3.1.1. Generation of probability distributions to model uncertainty

Following the expected utility framework, an important step for risk analysis is the generation of
probability distributions of possible investment outcomes - for the purposes of this research net
present value (NPV) and its annualized value?. The application of Monte Carlo Simulation has made
it possible to increase the number of studies based on the stochastic programming framework
(Castro et al. submitted). Nowadays, Monte-Carlo simulation is the most broadly tool used for risk

assessment as it is able to incorporate different uncertain inputs.

Nevertheless, applying this technique also poses some challenges, as indicated by Hildebrandt and
Knoke (2011). When input distributions are unknown, this situation may lead to considerable effects
on the tails of the simulated probability distribution functions. Additionally, correlations between input
factors should allow for any interdependency. In this thesis the correlation between prices and
productivities from one year to the next year for the same option was not considered, but rather the
correlation between prices and productivities between all land-use options. For the purpose of this
study, input coefficients were price volatility and yield variation drawn from the database of the
division of statistics, FAOSTAT (FAO 2015). The cumulative distribution functions (CDF) of
annualized returns for each option consisted of 1000 simulated samples.

! The calculation of net present values and the annualized net income from different land use is described in
detail by Castro et al. (2013) and Castro et al. (2015).
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3.1.2. Approaches to determine compensation payments

Compensation payments play an essential role in ensuring the maintenance of socially desirable
levels of agrobiodiversity (Larsen 2009, Krishna et al. 2013). Most schemes, however, derive
compensations solely based on land opportunity costs, without taking into account the uncertainty
related to the different types of land-use options (Kragt 2012). In this research, stochastic
dominance and mean-variance are evaluated as tools to derive cost-effective compensation
payments when financial and productive risks are integrated during the modelling process.
Consequently, compensation payments do not address solely the expected return of individual land

uses, but also risks and uncertainties.

Stochastic dominance is an approach with loose assumptions about risk aversion; thus, it includes a
rather large set of risk attitudes and does not require a full parametric specification of decision-
maker preferences (Hadar and Russell 1971, Levy and Levy 2001). Here, expected utility is a
function of all moments of the probability distribution for economic return. To assess mutually
exclusive options following the criterion of stochastic dominance there are two prominent decision
rules, named first stochastic dominance (FSD) and second stochastic dominance (SSD). To meet
the dominance criterion according to FSD, the CDFs of possible NPVs of the options must not
intersect. When the CDFs intersect, FSD cannot discriminate between the alternatives (Knoke
2008b). Castro et al. (2013) introduced an example comparing the CDFs of expected NPVs for an
environmentally-friendly option A(x) and a conventional option M(x) to explain stochastic dominance

rules. Thus, an alternative A dominates alternative M by FSD provided that,
M(x) - A(x)20,vx€eZ (1)
with at least one strict inequality.

Following FSD rules, when there is dominance of one investment over another, (see Figure 1,
productive alternative’s CDF is at the right of the conservation alternative’s CDF), every non-satiated
individual with a non-decreasing utility function would prefer that option in theory. This means that in
order to convince a farmer to choose the less profitable option, a compensation payment able to

shift the whole CDF of that option to the right of the more profitable choice is required (Figure 1).
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Figure 1. Compensation to shift the CDF of annuities of the conservation option so that it finally
dominates the alternative (adapted from Castro et al. 2013)

Even though SSD considers risk aversion, decision makers with extremely small risk aversion (who
may even be almost risk neutral) may also be included. To achieve SSD requires the area under the

CDF for option A must be equal or smaller than the area under the CDF for option M for every x.

In this case, option A dominates option M by SSD if
f_xoo(M(Z) — A(z))dz = 0Vx € R 2)

with at least one strict inequality.

Following SSD, the compensation required must at least be equal to the average land opportunity
cost, provided that the environmentally-friendly option is less risky than the more profitable
alternative; otherwise a risk premium must be paid on top of the land opportunity costs to convince

all risk-averse farmers about the environmentally-friendly option.

Mean-Variance like Stochastic Dominance is a decision criterion based on the expected utility
approach. The difference is that this approach considers only one specific utility function with well-
defined risk aversion. Bearing in mind risk avoidance, various combinations of NPV and risk may
generate an identical utility, because a reduced risk may compensate for a lower NPV and vice
versa (Hildebrandt and Knoke 2011). An approximation to maximize the utility of a risk-averse

person is the maximization of the estimated certainty equivalent, which represents the equivalent
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risk-free value (NPV or annuity) that makes the risk-averse decision maker indifferent between
receiving either this riskless value or choosing the risky prospect, with higher expected value
(Adhikari et al. 2017). Compensation payments following mean-variance rules consist of the
difference between the certainty equivalents of the two options. The certainty equivalent (Equation
3) reduces the maximization of expected utility to only two moments of the NPV (or annuity)

distribution - expected value of NPV and its variance.

CE = E(NPV) — % * 02y py (3)

With CE representing the certainty equivalent; E (NPV) the expected NPV; a the constant
quantifying the degree of absolute risk aversion and 02 ney the variance of the NPV. The constant
for quantifying the absolute degree of risk aversion a can be estimated by a =a/l, with a representing
the degree of relative risk aversion (e.g. a value of 1 for the moderate relative risk aversion and 2 for

strong risk aversion) and /, being the initial investment or wellbeing?.

3.1.3. Portfolio optimization applied for land diversification

The Portfolio Theory developed by Markowitz (1952) showed that investing in a combination of
different financial assets (i.e. a portfolio) may reduce the risk when compared to an individual
investment of the same profitability. Diversification has been widely suggested as a risk
management tool to reduce the impact of fluctuating farm incomes (Libbin et al. 2004).
Diversification applying optimization routines enables to identify different combinations of
investments if the variability of their financial return is not perfectly positive correlated (k#1). Thus,
as suggested by Hildebrandt and Knoke (2011) diversification effects are helpful when investors are
risk aversive. Risk neutral investors would prefer the asset with the highest expected financial return
without regarding risk. In conclusion, the higher the risk aversion, the greater is the potential to gain

expected utility by diversification.

In Castro et al. (2013) and Castro et al. (2015), Markowitz’ theory is applied in combination with the
von Thinen approach in a normative sense. Thus, models only constitute a recommendation for
portfolio selection, in which farmers decide how land should be allocated to achieve the highest
economic return for an accepted level of risk in a consistent way. Castro et al. (2013) applied these
theories for an analysis of the effects that land-use diversification might have on the amount
calculated as compensation payment. Here, considering an optimal land-use portfolio consisting of

2 The detailed explanation to estimate the initial wellbeing is given in Castro et al. (2013)
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the two options under analysis, compensations to increase the share of the environmentally-friendly

option were calculated.

Notice that for portfolio analysis the covariance and the correlation coefficient are very important
elements to understand the tendency of returns to move together and describes whether the returns
of two stocks tend to rise and fall together and how large those movements are. The correlation
coefficient standardizes the covariance to create a relative and comparable scale of measurement
between -1,0 and +1,0 (Libbin et al. 2004). This aspect has special relevance in Castro et al (2015)
where the implications of the correlation of conventional and organic have been tested to assess the

integration of both markets.

The expected financial yield of a portfolio with two or more assets V, is obtained by adding the
proportional expected financial yields of the single options through weighting with the area

percentage fractions.

Ve = Xis1 fivi (4)

with, v;being the expected financial yield of a single asset i; fithe weight of the single asset (the area
based fraction of a specific land-use in our case), and, n the number of assets.

The SD of financial returns for the portfolio g is quantified as follows,

Op = JZieN f20? + Tien Ljen f; ficovy (5)

Jj#i

Z~ fi =1; cov;j = kioy05;  fi,fj =0
IEN

with /, j being the indices for the specific assets; N the set of available assets; f; the weight
(proportion) of a specific asset in the portfolio; o; the SD of returns for asset i; kij the coefficient of
correlation between the returns for asset / and asset j; and covi; the covariance between the
financial yields for asset i and asset j.

The portfolio was optimized using MS EXCEL © -solver, based on non-linear programming. The
constraint of the maximum acceptable standard deviation of the portfolios was gradually relaxed by
increasing the permissible risk. As a result, it was possible to calculate efficient portfolios that

achieved the maximum financial return for each tested acceptable level of risk.
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3.2. Case studies

Two case studies have been conducted to test the hypothesis raised in this research. The first one
analyzes how intensive production of maize threatens shade coffee grown in agroforestry systems
in south Ecuador (Castro et al. 2013) (Figure 2). In order to avoid further loss of shade coffee, the
amount that in theory would compensate farmers for the forgone profits of producing maize was
assessed. Here, the role of financial incentives such as compensation payments to revert land-use

change patterns was assessed, taking into consideration different levels of aversion toward risks.

Figure 2. Land uses in South Ecuador: shade coffee (left), maize (right) (adapted from Castro et al.
2013)

An aspect that has rarely been considered for calculating compensations is the impact of risk on
farmers’ decisions. Thus, two probabilistic based-approaches, Stochastic Dominance and Mean
Variance optimization, were evaluated first for mutually exclusive land uses, and later for portfolios

containing shade coffee only in part.

The second case study explores the feasibility of introducing organic banana subject to various
levels of uncertainty into land-use portfolios in a highly productive area of Ecuador —the Babahoyo
sub-basin- where the most important cash crops are produced (cacao, soybean, maize and rice)
(Castro et al. 2015). Banana -the main export-oriented agricultural commodity in Ecuador- is
generally produced under very intensive agricultural practices (Baquero et al. 2004). Due to the
importance of banana to the local economy, the extent of the area currently under production and
the impacts caused by the use of synthetic inputs, it is important to assess whether at least partial
conversion to organic production might be economically attractive for local farmers (Figure 3). This
conversion is meaningful in terms of ecological improvement and perhaps because of risk reduction,

as prices for conventional and organic products are subject to different market conditions (Kilian
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2006, Su et al. 2013). Two forestry options were selected as a complement to agriculture, balsa
(Ochroma Pyramidale) and laurel (Cordia alliodora). Both species are able to thrive in lands formerly
dedicated to agriculture, which make them ideal for reforestation in land undergoing degradation

processes.

In an initial scenario, the coefficients of variation of prices (65%) and productivity (22%) for
conventional banana were used as proxies to model uncertainty for organic banana. However, the
correlation of prices for conventional and organic banana is probably more important than price
volatility itself. The finding by Kleemann (2014), who points out that price for organic products are
largely independent from prices for conventional products, suggests a coefficient of correlation of
zero between the economic returns of both variants of banana. In this study, the coefficient of
correlation between prices for organic and conventional banana (pconv,org) Was derived from price
changes of documented wholesaler prices (International Institute for Sustainable Development
2014, Intergovernmental Group on Bananas and Tropical Fruits 2014). To be on the safe side, the
effect of increasing correlation between economic returns of conventional and organic banana was

also tested, possibly due to growing integration of both markets, by assuming pconv,org Of Up to +0.7.

As the modelling led to a very high SD and coefficient of variation of the economic return for organic
banana (81%), the impact of a lower uncertainty of the economic returns of organic banana on the
optimal land allocation in the portfolios was also tested. Assuming lower uncertainty is well justified
and may be even more realistic compared to the initial scenario, where the price uncertainty of
conventional banana dominated the large uncertainty of the economic returns. By setting the
uncertainty of the crop productivity equal to zero a standard deviation of 95% compared to the
combined standard deviation from crop and price volatility was observed. Thus, a scenario with
reduced uncertainty of economic return for organic banana to US$ +30 per Mg resulted in a

coefficient of variation of organic banana’s economic return of £50%.
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Figure 3. Crops in the Babahoyo sub-basin sorted by area of production, size and number of farms
(SINAGAP 2013) (adapted from Castro et al. 2015)

3. 3. Review of bio-economic models applied to land-use problems

Bio-economic modelling has become a useful tool for anticipating the outcomes of policies and
technologies before they are implemented (Delmotte et al 2013). There exists a large variation
among bio-economic models as they aim to embrace biological and economic processes with
various degrees of success (Brown 2000). Integrating both components requires the collaboration of
multiple disciplines to understand and resemble the dynamic interrelationships between natural and

socio-economic systems (Castro et al. Submitted).

Advances in mathematical programming have made it possible to improve modelling techniques and
include multiple factors to build more plausible models, even when only limited data is available. The
most commonly applied techniques for optimization are linear programming (Acs et al. 2007), non-
linear programming (Clasen et al. 2012, Hartl et al 2013) and multiple objective programming
(Knoke et al. 2016).

With the aim of analyzing the progress in bio-economic modelling applied to land-use issues a
review of studies was conducted in Castro et al (submitted). The analysis identifies how aspects
such as uncertainty, system dynamics, interactions and multiple objective programming have been
incorporated in models aiming to support land-use decision making and resource allocation (Figure
4). Even though this topic has been explored in previous studies (Janssen and van Ittersum 2007,
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Delmotte et al. 2013), these reviews did not analyze in detail the treatment of uncertainty in multiple-

objective modelling and the use of non-stochastic optimization methods.

‘ Bio-economic modelling ‘

. . Biophysical Objective
Uncertainty Time Interactions function
Stochastic Non-stochastic Static Ecological Single Multiple
programming programming optimization g objective objective
Probabilistic Robust Dynamic Physical Linear Goal
optimization optimization optimization y programming programming

Nonlinear
programming

Figure 4. Description of components recommended for achieving integrated bio-economic modelling

applied to land-use management (adapted from Castro et al. submitted)

The literature search included scientific platforms such as ISI Web of Knowledge, Scopus and

Google Scholar. The search was focused on bio-economic models applying mechanistic and

normative approaches in the field of land-use management at the farm level. With the set of articles

fitting this required frame, the next step consisted in analyzing the way the authors treated the

aspects concerning this study as shown in Figure 4 and the mathematical programming techniques

employed to solve the problem of resource allocation. This step allowed to evaluate whether the

complexity with which models are formulated and developed enhance the overall performance of

land-use models to guide decision making at the farm level.
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4. Results and discussion

This chapter summarizes the findings obtained with the three papers that form part of this
dissertation thesis, in which decision making under uncertainty have been applied to promote
sustainable alternatives in areas currently dominated by conventional farming. The results constitute
a basis to analyze the advantages and limitations of applying uncertainty to calculate
compensations and optimal land use portfolios following diversification approaches. The scenarios
simulated serve as recommendations for farmers to use their resources in farming systems able to

deliver ecosystems services with the least impact on revenues.

4.1. Compensation payments for agroforestry systems (Castro et al. 2013)

Annual returns simulated for shade coffee and maize are illustrated in Figure 5. Annuities of maize
fluctuate from US$ 6 to 584 (mean value of US$ 294 £ 111 ha-'year-), showing a greater dispersion
than coffee which ranges from US$ -14 to 279 (mean value of US$ 128 + 62 ha-'year-!). Since the
CDF of maize was always to the right of that of coffee, maize dominated shade coffee by FSD. As a
consequence, every non-satiated decision maker with a non-decreasing utility function would always
prefer maize over coffee. In order to convince all landowners -even the risk seeking ones- about
shade coffee, the required compensation to move the CDF of coffee to the right of the one of maize
is as high as US$ 294 ha-'year! (difference between the maximum annuities of both options). Given
FSD of maize over shade coffee, maize also dominates shade coffee by SSD (Figure 6). Thus, US$
166 ha'year! the land opportunity costs- would be an acceptable compensation for risk aversive
landowners following SSD rules. In our case, no risk premium is needed since shade coffee holds

less risk than maize.

The application of MV resulted in smaller compensations because it assumes a higher degree of
risk aversion than SSD, provided that compensation is secure. According to this method an amount
of US$ 86 ha-'year-' -difference between the certainty equivalent of maize and shade coffee- would
be in theory capable of convincing moderate risk-averse landowners. Farmers with strong risk
aversion would demand only US$1 ha-'year!, which basically means that they would not convert

coffee plantations into maize. These findings confirm the first hypothesis of this study

H1: Mean-variance decision rules address farmers’ risk aversion more proficiently than stochastic

dominance and allow calculating more cost-effective compensations.
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Figure 5. Simulated distributions of annuities for shade coffee and maize arranged in cumulative
distribution functions (adapted from Castro et al. 2013)
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Figure 6. Second Order Stochastic Dominance of maize over shade coffee (adapted from Castro et
al. 2013)

Note, however, that this holds only under the artificial situation of considering shaded coffee and
maize as mutually exclusive land-use options. When combinations of shade coffee and maize were
evaluated, and its impacts on the compensation payments, the situation changed significantly. The

shares of several land-use portfolios are shown in Figure 7 considering two levels of risk aversion.
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When strong risk aversion is assumed, the share of shade coffee is 51% and 49% for maize. This
land-use portfolio had a mean expected value of US$ 218 + 71 ha'year! having a better
performance than shade coffee with regards to revenues which could make it very attractive for
landowners. Those with moderate risk aversion would achieve the maximal certainty equivalent at
shares of 73% maize and 27% shade coffee with expected return of US$ 261 + 87 ha-'year-!. This
portfolio has two outstanding outcomes compared to the mutually exclusive land uses. On the one
hand, it doubles returns obtained by growing shade coffee alone; while in the other hand it achieves
a lower standard deviation compared to maize. In other words, it is less risky and provides a slightly

higher level of biodiversity by allowing for 27% of the area as shade coffee.
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Figure 7. Optimal portfolio of assets combining shade coffee and maize based on the certainty
equivalent (adapted from Castro et al. 2013)

As the optimal portfolio given moderate risk aversion is dominated by maize, a question that rose
was: How much compensation would be needed to increase the fraction of coffee? The set of
compensations capable to shift the optimal share of maize is presented in Table 2. For instance, to
increase the fraction of coffee to 63%, a farmer with moderate risk aversion would demand US$23
while US$5 would be sufficient for a strongly risk aversive peer. Similarly, a rise in the share of
coffee to 75% would require a payment of US$40 for moderately risk aversive land-users compared
to US$19 for strongly risk aversive peers. This means that to achieve beneficial shifts in the land-
use distribution from maize towards shade coffee for comparatively small compensations is
sufficient, if some areas of maize are accepted, this analysis confirms the second hypothesis:
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H2: Land-use diversification reduces the amount required to compensate farmers for switching

to environmentally friendly land uses such as agroforestry.

Table 2. Compensations required to obtain a specific share of shade coffee in portfolios calculated
for moderately and strongly risk-averse farmers in Pindal (US$ ha-! year -1) (adapted from Castro et
al. 2013)

Portfolio share

Moderate Strong
Coffee % Maize % risk aversion risk aversion
27 73 0 0
o1 49 11 0
100 0 92 80

Note: A value of zero has been assigned when the estimated payment was negative

Both optimized portfolios broke FSD since their CDFs intersect that of maize (Figure 8). This means
that the performance of the land-use portfolios was better than single shade coffee and not

necessarily worse than maize resulting in more economically and ecologically desirable options.

Note that considerably higher compensation payments were required to achieve the optimal portfolio
of 100% shade coffee (see Table 2) in comparison to the amount derived for mutually exclusive
alternatives (moderate risk aversion: US$ 86; strong risk aversion: US$ 1). Therefore, it is not
recommended from a methodological point of view to consider only mutually exclusive alternatives

for deriving compensation.
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Figure 8. Cumulative distribution functions of exclusive land uses and two portfolios in southwestern
Ecuador (adapted from Castro et al. 2013)

Main contribution: The incorporation of uncertainty is an essential step to support decision making
at the farm level and to minimize the impact of risks by effective economic measures. Like other
financial decisions, the calculation of effective compensation payments is directly affected by the
attitude of the investor towards risk. By applying uncertainty analysis, compensations can be
tailored following land owners” preferences (Torkamani and Haji-Rahimi 2001). The results have
shown that risk seeking investors —included under FSD- might demand a higher compensation than
previous studies suggested (Benitez et al. 2006) to preserve a sustainable farming scheme such as
shade coffee. Gloy and Baker (2001) have pointed out that stochastic dominance lacks
discriminatory power, which explains why compensations tend to be so large, even under SSD. If
one considers real risk-averse landowners, mean variance is more suitable than stochastic
dominance, because it explicitly addresses risk aversion through a specific concave utility function,
which results in a reduction of the compensation. Under this approach farmers might accept a lower
compensation renouncing part of the financial return and accept a guaranteed compensation, as
long as shade coffee is the less risky option. Only if the compensation is uncertain, a higher average

payment could be necessary to address the risk-avoiding attitude of farmers regarding mean
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variance rules (Knoke et al. 2008a; Knoke et al. 2009b). This kind of decision making is not
applicable under SSD, where the dominant option must have an expected NPV at least as great as

that of the alternative option.

The discussed study has shown that considering mutually exclusive land-use options and applying
stochastic dominance may lead to excessive compensations. In real world decision-making, it may
be quite sufficient to achieve considerable shifts in current conversion practices leading to greater
fractions of the environmentally desirable land-use options. Optimization of land-use portfolios
opens a new range of possibilities to calculate compensations for diversified landscapes. So far,
most studies have compared only mutually exclusive land uses, the alternative of considering
various land-use types simultaneously has been seldom addressed. If compensation schemes
would consider diversified landscapes in which conservation alternatives are combined with
productive options, land owners would enormously benefit (Knoke et al. 2009b). Diversification is a
practice that indicates pronounced risk-aversion. Thus, it is likely that risk-averse farmers may opt
for diversified systems in the face of uncertainty as a form of natural insurance (Baumgértner and
Quaas 2010). Land-use diversification led to reduced amounts of compensation to avoid land-use
conversion towards more profitable options such as maize, as the results presented in this research
have confirmed. The application of this method appears very useful in engaging farmers, because it
identifies the best shares of assets providing ecological benefits but also including options which

deliver high returns.

4.2. Diversification with high yielding crops: land-use portfolios with organic banana
(Castro et al. 2015)

4.2.1. Economic return and risk for single land-use options

In this first part the economic return of individual land uses simulated by means of Monte Carlo
simulation is presented. From the set of land-use options selected both forms of banana delivered
exceptionally higher returns and risk (given by the standard deviation), compared to the other crops
and forestry options (Figure 9). Annual returns for conventional banana were on average US$1786
ha-' £ 945 and for organic banana US$ 1040 843 ha-'. The great volatility is caused by the large
fluctuations of prices and yields of conventional banana, which in this first approach were used as a
proxy for the risk of organic banana. Organic banana achieved lower returns compared to
conventional banana due to a reduced productivity of 35% and the increase of costs due to higher

labor requirements. When market correlation of both types of banana is assumed, the worst case
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scenario is more disadvantageous for organic banana (US$-1897) than conventional banana (US$-
1557).

The economic returns for both conventional and organic banana were very high in comparison with
the other crops. Nevertheless, high computed annual economic returns for banana seem quite
realistic. For example, a study by Mukul and Rahman (2013) reported high annual economic return
for banana between ~US$ 1200 to 2000 per ha for India. For the Ecuadorian case, banana also
achieved higher gross incomes than other high profit crops such as sugar cane, potatoes, or African
palm (Wunder 2001). However, the estimates for economic return of bananas reported in the
literature are extremely variable, with annual economic returns up to ~US$ 3800 per ha in
Bangladesh (Parvin et al 2013), while the maximum included in our Monte Carlo simulations was

US$ 4808 per ha for conventional banana.

Cumulative relative frequency
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Figure 9. Simulated annuities for land-use options produced in the Babahoyo sub-basin (adapted
from Castro et al. 2015)

The annual returns for all of the non-banana options were below US$500 ha-'. An economic
advantage of rice found by our modelling was that, even in the worst case, it was the sole option
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which yielded positive annual returns (US$ 170). Among annual crops, the crop with the largest SD
was maize, while soybean had the lowest. Permanent crops - forestry and cocoa were part of the
group with low SD. In general, the distribution of the revenues derived from time data series was
largely not significantly different from an expected normal distribution (Figure 10). Only maize p(x?)
was below the required threshold of 0.10. Thus, the requirement for the analysis of economic

returns to be normally distributed was regarded in general as largely fulfilled.
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Figure 10. Distributions of gross revenues from time series data used for bootstrapping and
expected distribution under the normality assumption. Organic bananas as well as forestry options

were modelled by means of assumed normal distributions (adapted from Castro et al. 2015)
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4.2.2. Correlation between prices for conventional and organic banana

Any portfolio-theoretic analysis demands a plausible idea about the correlation between economic
returns. As data for organic banana was not available in FAOSTAT, time series were documented
on wholesaler prices (International Institute for Sustainable Development 2014, Intergovernmental
Group on Bananas and Tropical Fruits 2014). In general, the volatility of economic return for banana
is driven by price uncertainty; consequently, the correlation between prices for organic and

conventional banana is a good indicator for the correlation between economic returns (Table 3).

Table 3. Correlation coefficients of land-use options (adapted from Castro et al. 2015)

Banana Banana
conventional  organic Cocoa Maize Rice Soybean Balsa Laurel
Conventional
banana 1.00
Organic banana 0.02 1.00
Cocoa -0.01 -0.03 1.00
Maize -0.06 -0.01 -0.02 1.00
Rice 0.02 -0.03 0.43 0.02 1.00
Soybean 0.03 -0.01 0.36 0.01 059 1.00
Balsa 0.04 0.02 -0.02  0.02 -0.02 0.00 1.00
Laurel 0.01 0.02 0.03 -0.01 -0.02 -0.02 0.08 1.00

Organic banana seems to be an ideal complement for conventional banana, as price shifts for
organic banana are independent or even slightly negatively correlated with price decline of
conventional banana (pconv.org= -0.1, see Figure 11). Moreover, when prices for conventional banana

increase, also the prices for organic banana show a tendency to increase (pconv,org = +0.6).

4.2.3. Forming land-use portfolios

Several scenarios were modeled to test optimal combinations subject to restriction about risk
tolerance. A reference scenario which exclude organic banana consisted of 14% cocoa, 10% maize,
37% soybean, 15% balsa, and 23% laurel obtained a return of US$ 191 ha-* yr-! +34 (Figure 12). A
land-use portfolio of 2% conventional banana, 15% maize, 38% rice, 27% balsa, and 18% laurel
would yield an expected return of US$ 352 ha-' year-! £52. This portfolio has the same level of risk
as soybean but the returns are considerably higher. Highly diversified land-use portfolios containing
forestry options are more appealing for farmers with low risk tolerance, the proportion of high-return
conventional banana increases with increasing risk tolerance (Figure 12). However, rice is also
included over a large range of possible risk tolerances, while only those farmers who would totally

disregard risks should work with conventional banana as a stand-alone option.
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Figure 11. Correlation of price changes for conventional and organic banana (International Institute

for Sustainable Development 2014, Intergovernmental Group on Bananas and Tropical Fruits 2014)

An interesting finding concerning organic banana to land-use portfolios was that this option was
included in portfolios under a large range of tolerated risks, despite its large risk as a single option.
Proportions for organic banana ranged between 1%, for a low tolerated risk (i.e. standard deviation,
SD) of +50, and 32%, for a tolerated risk of +650. The proportion of organic banana only sinks to
5% when a very high tolerated risk level of +900 is assumed (Figure 13a). To hedge uncertainties of
organic banana as a single option, an excellent alternative was rice. A portfolio structured by 35%
conventional banana, 19% organic banana, and 46% rice would achieve US$ 1040 ha-' year-!
+369.
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Excluding organic banana
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Figure 12. Structural composition of various land-use portfolios without organic banana for
increasing levels of accepted economic risk

If, however, simulated risk of organic banana is modelled based on the volatility of retailer prices
(resulting in £506), the portfolio’s structure would change significantly. Under the assumption of a
lower uncertainty, the proportion of organic banana is greatly increased, up to 57%, and this on the
cost of rice (Figure 13b). If an increased coefficient of correlation between organic and conventional
banana is assumed (Pconv,org Of +0.5 or +0.7), the sensitivity of the results largely depends on the risk
of producing organic banana. When simulated risk of organic banana followed the basic initial
scenario, the increased correlation reduced the proportion of organic banana to a maximum of only
1% (pconv,org OF +0.5). Organic banana is replaced by rice. Under a reduced risk scenario for organic
banana, which appears to be a quite realistic assumption, the proportions of organic banana remain
relatively stable, even if the correlation, pconv.org, Of the returns is quite high (pconv,org Of +0.5 or +0.7).
In summary, although organic banana appears less attractive as a single option, this option may,
when embedded in land-use portfolios together with other crops, improve the economic return of
Ecuadorian banana farms. This confirms the third hypothesis of this thesis

H3: The inclusion of sustainable land uses into efficient land-use portfolios is driven by the

uncertainty of their economic return
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Figure 13. Structural composition of various land-use portfolios for increasing levels of accepted
economic risk when organic banana is included and has high (a) or low (b) risks (Adapted from
Castro et al 2015)

Main contribution: This study has proved that in areas of intensive and very high yielding
agriculture shifts towards more sustainable land-use systems is challenging because farmers have
at hand multiple mechanisms to cope with risks. Nevertheless, even under these conditions, land-
use diversification provides benefits to farmers, but the level of diversification achieved was strongly
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linked to the risks associated to the options as well as the comparatively high profitability of
conventional banana with respect to the other options. While the forestry options diversified the
land-use portfolios effectively rather for very cautious risk-avoiding farmers, organic (and also
conventional) banana enters the land-use portfolios only, if higher risks are tolerated. The degree of
diversification however is limited when high-yielding crops are included in the portfolios. For this
case, including high-yield banana lowered the resulting degree of land-use diversification, limiting
the portfolio to only a few land-use options. But still, every portfolio generated included at least two

crops (except the maximum risk portfolio), so that no single-crop turned out to be optimal.

The alternative explored in this research was the introduction of organic farming on part of the
farms, as a strategy to enhance ecosystem services provision while also reducing health hazards
caused by the application of agrochemicals and reduce the dependency of farmers on rising fossil
fuel prices (Liu 2008). Producing organic crops provides an opportunity for farmers in developing
countries to participate in new markets (FAO 2016). Nevertheless, a shift towards organic
production is tricky, and also risky, due to the changes and uncertainties which occur during the
transition. Yield decline might be only the first obstacle for farmers who are used to producing high-
yielding crops like banana. However, for such a situation this study proved the great advantages of
embedding the organic banana parcels in a more diversified portfolio together with other land-use
practices. So given that the price premium for organic products is likely to remain stable and that the
market is still growing without a strong integration between the markets for organic and conventional
products (Kleemann 2014), the allocation of significant proportions of land to organic banana

appears advantageous for farmers.

4.3. Analysis of bio-economic models (Castro et al. submitted)

Given the experience gained with own bio-economic modelling, this section introduces an
assessment of approaches to bio-economic modelling applied to land-use issues as a result of
analyzing 30 studies related to this subject (see Publication 3 in Appendix). By identifying advances
and shortcomings in bio-economic modelling it was possible to identify research gaps related to this
field and to assess whether increasing the complexity enhances the overall performance of land-use
models. The introduction of aspects such as uncertainty, time dynamics, biophysical interactions
and objective functions and their contribution to achieve integrative models were assessed. The full
description of studies can be found in the Castro et al. (submitted), the main findings are described

in the next section.
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4.3.1. Approaches to deal with uncertainty

According to the review, uncertainty was a topic occasionally addressed in bio-economic models.
Fifteen studies applied the expected utility framework based on various objective functions (Figure
14). Among approaches to uncertainty, stochastic optimization was the most frequently applied
method, with applications including downside risk analysis (Holden et al. 2004; Komarek et al. 2015)
and mean-variance decision rules in agriculture (Radulescu et al. 2014, Castro et al. 2015) and
forestry (Clasen et al. 2011, Hartl et al. 2013). Studies applying non-stochastic robust optimization
were less frequent, despite demanding less information (Knoke et al. 2015, 2016). Uncertainty has
been rather neglected in multiple-objective models (del Prado et al. 2011, Koschke et al. 2012,
Estrella et al. 2014, Paracchini et al. 2015, Cortez-Arriola et al. 2016), only two studies included risk
analysis to situations where land allocation was optimized to improve the provision of multiple and

uncertain ecosystem services (Radulescu et al. 2014, Knoke et al. 2016).
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Figure 14. Approaches to include uncertainty in bio-economic models applied to land-use
management (adapted from Castro et al., submitted)

4.3.2. Static versus dynamic modelling

Static modelling was more frequently applied among the studies under review; however, dynamic
models are gaining room because of the advantages for adaptive decision making (Figure 15).
There was not a noticeable pattern of preference related to the objective function or the optimization

routine used by authors with the static or dynamic structure of the model. Static models have been

applied for single objective functions solved by linear programming (Pacini et al. 2004,
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Kanellopoulos et al. 2014) as well as by nonlinear programming in models where risk has also been
incorporated as a restriction (Clasen et al. 2011, Doole et al. 2013, Schénhart et al. 2016). Models
aiming to optimize multiple-objectives have also been addressed statically (del Prado et al. 2011,
Cortez-Arriola et al. 2016, Townsend et al. 2016).

The improvements in dynamic approaches have made it possible to increase the number of studies
where time is modeled dynamically (Holden et al. 2004, Pfister et al. 2005, Acs et al. 2007, Liu et al.
2016). Dynamic modelling has been applied by Barbier and Bergeron (1999), Acs et al. (2007) and
Hartl et al. (2013). Interestingly, dynamic modelling has rarely been applied in combination with
multiple-objective modelling. Thus, methodologies allowing both approaches simultaneously

deserve more attention in the future.

10 -

Number of studies
oo

Static Dynamic No specification

Figure 15. Approaches to address time in bio-economic models applied to land-use management

4.3.3. Biophysical interactions

The application of systems analysis and dynamics has been a precondition to include more
variables and feedbacks to land-use models, which helps to explain interrelations in land use
systems. The relation between inputs and crop yields have been analyzed in detail by Pacini et al.
(2004), Acs et al. (2007), Ghebremichael et al. (2013) and Paracchini et al. (2015). These studies
have analyzed the response of farming systems to improved technological change. Other studies
addressed the impact of nutrient flows, climate change, water availability and soil management on
cropping systems and profitability of farms (del Prado et al. 2011, Kanellopoulos et al. 2014). Biotic
relations (competition for nutrients between individuals) are described in the literature using crop

54



Results and discussion

growth (Pfister et al 2005, Semaan et al. 2007) and animal growth models (Ghebremichael et al.
2013, Doole et al. 2013).

Land degradation has also been incorporated into few models. In Barbier and Bergeon (1999) the
biophysical component of the model includes soil erosion equations, and interactions among
livestock, crops and forest. Holden et al. (2004) developed a model to assess the impact of
improved access to non-farm income on household welfare, agricultural production, conservation
investments and land degradation in form of soil erosion. Studies have also tested the effects of
agro-environmental policies on farmers’ income (Barbier and Bergeron 1999, Semaan et al. 2007,

Doole et al. 2015) and willingness to accept payments (Kolinjivadi et al. 2015).

Even though the inclusion of system dynamics improves the understanding of a system in particular,
it supposes a tradeoff between accuracy and simplicity. Models aiming to integrate relations and
feedbacks among variables turn out to be more complex, expensive and time demanding. The
disadvantage of overly complex models is the low generality, which limits extrapolation beyond the

boundaries of the context where the models are created.

4.3.4. Single objective versus multiple-objective models

Despite that single-objective functions continue to be more frequently used, the application of
multiple-objective models are raising, thanks in part to the development of new programming
routines (Figure 16). Studies which consider multiple-objective functions are Paracchini et al. (2015),
Radulescu et al. (2014), Eyvindson and Kangas (2014), Estrella et al. (2014) and Koschke et al.
(2012), Knoke et al (2016) and Cortez-Arriola et al. (2016). .

Most multiple objective models have largely excluded uncertainty and time interactions. Knoke et al
(2016) is one of the few examples in which a model has included uncertainty by robust methods.

Future applications should definitely include both aspects to support decision making.
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Figure 16. Bio-economic models applying single or multiple objective functions to land-use
management (adapted from Castro et al. forthcoming)

It is important to highlight that due to the availability of improved programming techniques models
tend to be in general more complex. Nevertheless, this situation involves an unavoidable trade-off
between simplicity and accuracy. Increasing complexity makes models quite specific which reduces
its range of applicability. A recommendation is to avoid the temptation to create overly complex
models as simpler models still show plausible results. For instance, static models like the ones
developed in this research are much easier to solve and can result in quite stable solutions and
could easily be re-run from time to time to include new information, as recommended by Clark

(2006) and Larkin (2011). This analysis confirms the fourth hypothesis of this research:

H4: Basic bio-economic models are more recommendable than complex models to support

decision making

Main contribution: Even though bio-economic models are used as a tool to support decision
making, there are still many aspects that should be improved in order to provide better information
about the social, environmental and economic systems as well as their interaction. While none of
the studies included all factors simultaneously, all of them included at least one aspect. Stochastic
approaches seem to be increasing due to the availability of simulation techniques such as Monte-
Carlo simulation. The non-stochastic approaches such as robust optimization deserve more
attention for situations when only little information is available, but currently its application is limited
to only a few cases. Expanding the uncertainty approach, especially to multiple-objective modelling

would signify great progress in the field of land use modelling.
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In general, bio-economic modelling has progressed in the last years due to accessibility to improved
programming techniques, which has made it possible to create more comprehensive models
embracing complex interactions and feedbacks. Nevertheless, researchers should be very cautious
in adding variables because complexity might lead to black boxes. Overly complex models have the
disadvantages of low generality which limits extrapolation beyond the boundaries of the context
where the model was created. A general recommendation would be to avoid the temptation to
create overly complex models as simpler models still show plausible results. To date, simple models

seem be the most suitable option to model land-use issues in light of this research.

57



Conclusions and outlook

5. Conclusions and outlook

Based on the findings accomplished in this research, it was possible to draw the following

conclusions:

The inclusion of uncertainty enables the calculation of cost-efficient compensations; the amounts
calculated under risk aversion are lower than those solely based on opportunity costs. This factor
must be analyzed by compensation programs currently running to use the funding in ways that can

reach a larger number of farmers using the same amount of money available for the program.

Moreover, considering a diversified portfolio of land-uses instead of mutually exclusive options
reduces the revenue gap among conventional and sustainable farming, as farmers can maintain
both options in their farms. This aspect may have an enormous effect in enabling the transition from
conventional towards more sustainable farming alternatives, as farmers can adapt to new
technologies and knowledge required by agroforestry, organic farming or forestry. To increase the
share of the sustainable land use beyond the optimal land use combination, the amount required as

compensation is considerably lower than those meant for mutually exclusive options.

Sustainable farming options are attractive options to farmers as long as uncertainty of revenues is
kept low; otherwise they cannot compete with intensive farming. If the coefficient of correlation of
sustainable and conventional land-use option is low, they can complement each other proficiently,

keeping risk to a minimum while achieving a noteworthy income.

Even though diversification can be compromised in the faith of extremely profitable crops, every
portfolio generated in this research showed that no single-crop depicted an optimal economic
performance —because they turned out to be highly risky. Thus, the role of uncertainty on decision
making deserves more attention in order to design better policies to promote sustainable land uses,

because farmers could accept slightly lower revenues provided that they involve less risk.

Despite that the models developed in this research are basically static; the approach can provide
some interesting insights to elaborate recommendations about transition towards sustainable land-
use. This type of analysis is more revealing than studies considering sustainable and conventional
farming as mutually exclusive and less speculative than the option value approach, being

particularly useful for new farmlands.
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In order to achieve a better understanding of land-use decision making future research should
incorporate uncertainty and multiple goals into the modelling framework. It is clear that a model that
considers simultaneously two or more objectives can produce solutions with a higher level of equity

than one that considers variables independently.

Finally, even though complex models are being enthusiastically applied to land-use issues recently,
basic models have the advantage of being easier to solve and demand less information, time and
funding. Interestingly, basic models can still provide plausible results and contribute to elaborating

on instruments to improve land use allocation problems.
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Abstract We vsually have only limited knowledge
about the economic conseguences of land-use deci-
sions, thus they are uncenain. We mnalyre the
implications of this uncertainty on conservation pay-
ments {CF) to preserve wildlife-friendly shade coffec
production in southwest Ecuador, when conversion to
maize is e most profitable alternative. Our ohjective
i= twofold: First, we analyze the consoguences of
applying Stochastic Dominance {SD) to derive CP, an
approach making only minimal assumptions showt the
preferences of farmers. Second, we investigate the
effects of land-use divemification to redwce CP by
allowing for shade coffec on part of alandholding, and
maize production on what remains. CP derived by SD
twmed ot o be at least twice the amount calculated by
an alternative method which maximizes a concave
wiility function—US$ 166 to USS 204 ha~ ! year ™"
instead of 1US$ &6 ha™ year™". Given this result, we
doubt that the assumptions underlying 5D ame
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measonable for farmers, who are known to be nisk-
averse. Allowing for land-use divemification has a
significant impact on CP. The aptimal portfolio shame
of shade coffee iz 27 % and for maize 73 % for
maderately risk-averse farmes—uwithowt any CP. A
larger shane of shade coffee is preferable for strongly
risk-averse farmers—51 and 49 % maize. The amoumt
of CP necessary to encourage the expansion of shade
coffee to 75 % & USE40 ha~' year™! {for moderaiely
risk-averse) and US$ 19 ha~' year™' (for strongly
risk-averse farmers). Stimulating diversification may
thus help to significantly meduce CP nocessary to
preserve less profitable agmo forestry options.

Keywords Biodiversity conservation -
Agroforestry - Consery ation payments - Uncentainty -
Diversification - Mean—vaniance -

Stochastic dominance

Int rodue tion

Agroforestry systems are the most widespread wild-
life-friendly farming practices in the tropics. Approg-
imately 12 billion people depend directly on
agroforestry prducts and services in developing
countrics. The practitioners are often poor people
living in rural areas (Pandey 2002). Due to their
diverse compaosition (trees and crops), these amcas ane
ghle to deliver food, fiber and firewond to local
dwellers (Ribawdo et al. 200100
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Besides allowing the production of a wider mnge of
goods that contribute to attain food security and to
alleviate povery, agroforestry systems provide addi-
tional socio-economic benefits to Jocal dwellers
{Pandey 2002 ; Baum gariner and Cuaas 2010). These
benefits include diversification of assets, a buffer
against natural calamities {eg.  pest owthreaks,
droughit, hail, etc.) and financial risks (price volatility,
changes in demand and supply, etc.).

Agmoforestry systems may also be cost-effective
options for the mitigaton of climate change in
developing countries. These systems have the poten-
tial to remove and store amospheric carbon dioxide
through enhanced growth of trees and shrubs, They
also provide shelier for local flora and fauna and
connect isolated patches allowing the flow of species
{Pandey 2002, Perfecto o al 2005). Agmoforestry
systems are thus indispensible as buffer ecosystems
sumounding areas with high conservation value (Koh
et al 3009, Perfecto and Vandermesr 20107,

Despite the benchits provided by agmforestry
systems, they have not escaped the threat of conver-
sion into mone intensive land uses. The main reason
for this is the rsing demand for food and non-
traditional energies (for example ethanol and hio-
diesel) that has encouraged farmers to opt for mone
iniensive agriculture in onder to obtain higher yields
per unit of area (Green a al. 2005; Fischer et al. 2008).
Megative extemalities attributed to intensive agricul-
ture such as the loss of spatial hetermgencity, and the
degradation of water, soil and hiota caused by the
unsustainable use of fentilizers and pesticides have mot
heen adequately considered (Sherwood and Uphaoff
2000; Lichtenberg 2002; Parry et al. 2007 ; Hazell and
Wood 2008 ; FAQ 201 0h; Power 20100,

Shade coffec is an important example of an
agroforestry system which is widely applied by
farmers in the lower montane regions of the Coast
and the Andean valleys in Ecuador (Junowvich 2002).
Perfecto ef al. (2005) consider traditional ooffee
plantations among the few remaining forested areas,
especially in the mid-to high elevation ranges in many
Latin American countries. In traditional plantations,
caffee is grown under a structurally and foristically
diverse canopy of shade trees, which provide habitat
for a high diversity of associsted flora and fauna
{Perfecio et al. 2005).

Caffee is also a highly valuable commodity—aome
of the ten most impontant prodects for inte mational

) Springer

trade in Ecuador, according to Junowich (3002)
During the perind from 1962 to 1984, the area
cultivated with coffee increased from 152 to 345
thousand hectanes. However, in 2000, the area under
coffee production dropped to 286 thousand hectares, a
docrease of around 17 %, in addition the existing
coffee fields are old, poordy managed and the rate of
renewal of the plantations is low, 80 % ofthe ficlds are
alder than 10 years, 12 % are between 5and 10 years,
and only & % ame younger than 5 years, acconding to
the TN CHA" (Junovich 200Z). This indicaks that
investments in proper shade coffee production are
low; withowt any intervention it is thus likely that the
area of shade coffee will further docline.

Them are several factors hehind the actual situs-

ton. A glohal crisis inthe coffee market was triggered
by a drop in the imemational price of coffiee resulting
from the disintegration of the International Coffee
Agreement, market liberalization, the entry of new
prod ucers from Sowth East Asia such as Vietnam into
the market, as well as a suhstantial increase in
production in traditional producing countries in Latin
American like Brazil (Kilian ef al 2006; Ponte 2002),
The resulting abrupt drop in the price paid to coffec
producers during the 9)s pushed many famers to
meplace coffee with more profitable options such as
maize.
The kcal and iniemational demand for maize for
cthanol and livestock feod increased substantially in
recent docades { Alsion and Beach 19946; Kosareck et al
2001). According todwe FAC{ 2010a), in Latin America
and the Caribbean region maize is currently planted on
over 29 million ha. In Ecuador alone, the area cultivaied
with maize increasad by 20 % during the 1990k, Mot
only has the area under cultivation increased, but
investmens expanded by USE 20.3 million during the
period 200 7-2009 alone {MAGAP 201 1).

Laocal and intemational maize prices continue to
rend upwands. In 2007, the price paid to producers
increased by 20 % in comparison to prices in 2006,
and in 200, maize prices increase by 24 S%—the
greatest increase in § years, according i MAGAP
{201 1. Increases in the demand and price for maize
wene not an isolated event taking place anly in
Ecuador. These increases coincided with the = Tortilla
crisie” in Mexico, where maize and its products

! I Censo Maciom] Agropecurio (Third Natiomn] Census for

Agricultme and Livesinck).
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experienced a shamprise in prices in 2007, This led toa
deep-seated economic crisis in the country due i its
citizens” significant dependence on maize—a staple
food in Mexico {Murphy and Paasch 2009,

Given this hackground, a continuing pressure o
convert shade coffee plantations into agriculturally
inenzified aliernative land-use options is evident.
Mechanisms must thus be found to preserve this
impontant wildlife-friendly land-use option. The fal-
lowing chapter outlines how economic factors may
influence farmers” land-use decizions. & will conclude
with two specific objectives of our study. Subse-
quently, we present our methods, results, disoussion
and conclusions,

State of the art: Impacts of economic factors
on land-use decizions

Understanding how farmers make land management
decizions is critical to designing strategies to enhance
the provision of ecosy stem services delivered by arcas
under wildlife-friendly farming regimes, such as
agroforestry systems. Profitahility of a particular land
use ohviously encourages farmers to allocate land to it,
nevertheless, motivations behind decisions are often
mone complex than simple profit maximization
{Ribaudo et al. 20100,

Fimst of all, through prices, well-functioning com-
modity markets influence what farmers produce with
their land, and how mesources can be most efficiently
allocated in order to maximize profits. In contrast,
muarkets for most ecosystem services ane generally mot
well developed. As a result, market signalk tend to lead
producers to opt for agricultural commodities
{Ribaudo et al. 20100,

A second key factor to consider is farmers” time
preferences (Amade et al. 1990). i farmers place
little value on the future, conventional intensive
agriculture is favored, even if land degradation and
pollution of the environment is associated. Farmers
prefer o exploit their land for guick profits instead
of thinking in the long run, because positive met
revenues from land uses that include forest and
agroforestry often lie far in the future (Bendiez et al.
2006; Hildebrandt and Enoke 2011, Knoke ot al
2012). This siteation might apply especially to
famers with insecure land tenure and limited acoess
to funding.
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Profitability of the asset is another factor to consider,
hecawse an investor's decision to enter in business will
be influenced by this aspect Howewver, the ahility of
agroforestry sysiems to deliver yields that are compa-
rable to momre intensive land uses has not yet hoen
proven, and authaors still have differing opinions abowt
this matter (Green et al. 3005; Perfecto et al. 2005). The
emphasis on biophysical mther than socioeconomic
msearch on agroforestry sysiems contributes to the
uncentainty of farmers, bocauwse predictions abouwt futume
prices, yiekds, political developments and risks of crop
failure ane as yet not nreally possible (Mencer and Miller
1949E; Pollini 20040, This sieation makes it difficult to
categorically affirm that ag roforestry can compete with
meone intensive land uses in terms of profitability.

In amiving at an investment decision, it is wise to
weigh the uncenainties of the investment against its
profitability. Agriculture iz a business exposed to
multiple natural {e.g. crop failure by drought or fire)
and financial uncertainties {e.g. fucations of market
prices), and farmers are generally considered o he
nrsk-averse (Knoke e al. 2008a, 2011). The risk
involved with the possible options can be an essential
factor in assessing preferences, because risk-averse
fammers tend to choose the option with the lowest
uncertainty, despite the fact that the poiential reward
may be lower as well {Aimin 2010; Ogurtsov et al.
H0E; Knoke et al. 2011).

Finally, due to market failures associated with
externalities and the provision of public goods, the
economic value of ecosystem services is seldom a
factor in land-use decisions (Grieg-Gran et al. 2005).
Offering inducements and compensations to farmers
fior the potential profits they must forego by maintain-
ing wildlife- friendly systems is a possible option to
internalize those services that are neglecied by the
market, and channel them to naural resownce manag-
ers who generate these services (Pagiola e al. 2005;
Grieg-Gran o al. 2005; Mbhring and Rilping 2008;
Engel a al. 2008; Kemkes et al. 2010).

However, CP must be caloulated wisely in order to
bhe effective. Acconding to Knoke et al. {2008a) CP
st fulfill two demands: they must be high enough to
convince landowners, but not unnecessarily large as to
mender them unfeasible. Determining the optimal
amount to be paid to landowners will depend on their
risk preferences (Benftez et al. 2006; Enoke et al
2008a). Effective CP can be calculatad by ap plying the
docizsion making under uncertainty approach, thus
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incorporating the atiude of farmers against risks.
However, CP schemes should also be combined with
economic improvement of land wse, a2 farmers need
productive land-use options to satisfy the ever incneas-
ing food demand (Knoke o al. 2008h, 2012).

Given this methodological hack ground, we have
two objectives:

First, we want to assess the mlevance of two
economic appmaches in deriving CP—stochastic
dominance (S0 and mean varance (MDY {explans-
tion below —for the case of small-scale land-users in
southem Ecwador having two altemative Livelihood
strategies—shade coffee and maize. Our goal here is
to determine which of the above methods is the most
approprige in order to armive o the most effective and
efficient level of CP for farmers.

Second, we will address the fact that in heteroge-
noous landscapes, agroforestry and mone intensive
agricultural wses can coexist. For this simation, we
apply Modern Portfolio Theary in order to caloulate
the optimal shares that each opton should have,
depending mainly on their performance in terms of
economic reurn and uncertainties and allowing fora
mixture of both land-use options.

Methods
Dwecizion making under uncenainty

The effects of uncertinty on decision making have
beoen analyzed in many felds of decision analysis
{Bawa 1975; Machina 1987, Gotze e al. 200H),
though analysis of this aspect is relatively novel in
natural resource management (Kangas and Kangas
2004; Beniiez et al. 2006; Knoke et al. Z00Ra;
Hildehrandt and Enoke 2011, Clasen et al. 201 1).

Some economic studies use the terms risk” and
‘uncenainty” interchangesbly { Levy 2006; Hirshleifer
and Riley 2002). Knight {1921) however, makes a
distinction between uncenainty and risk: Risk is
applied for siteations where the decision maker can
assign mathematical probahilities o the randomness
which e faces, while uncerminty is used for siteations
wheme randomness cannot be expressed in terms of
specific mathematical probahilities. However, we will
follow the notion of Hishlifer and Riley (2002) and
use hoth terms to represent our limited knowledge
about future decision consequences.

€] Springer
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Probahilistic, nisk-based approaches are uwseful
concepteal tools for dealing with well-understood
systems and for addressing highly repetitive events. A
frequent constraint to modeling decision making is the
unavailability of precise information about the oocur-
mence of a specific future event and the randomness of
the evenis occurring in naure. Nevertheless, it is
possible to derive the probabilities of the owtcomes
using existing, mostly historical data The estimation
of probability distribwtions for economic owtcomes is
an important step for risk analysis. The guality and
quantity of available information are important ele-
ments in determining the reliahility of results, however
(Hildehrandt and Knoke 2011). Estimates of the
probahility distributions of economic retums can be
ohtained with echnigues such as hootstrapping or
Monte Carlo simulation {Benitez o al. 2006, Hilde-
brandt and Enoke 2011). Economic metum may either
b ex pressed by the sum of discounted net revenues—
known as net present value (MPV)—by annuitized
NPV, ar by intemal mate of remm. The frequency
distribution of simulated results can be amanged in
cumu lative distribution functions to be waed as empir-
ical sumrogates for the reguined probahbility distribution.

Since its intmduction by Bernoulli (1738), most
analyses of investment decizion rules rely on the
expectod wtility paradigm (Hildebrandt and Knoke
2011). The expected wtility thoory does not analyze
risk and meturn separately; but rather considers the
whole distribution of elrns simultancowsly (Levy
2006). This theory states that the decision maker
chooses between uncertain prospects by comparing
their expected utlity values, i.e., the weighted sums
ohtained by adding the wiility values of owtcomes
multiplied by their respective probahbilities.

Uiility functions provide us a method o measune
the farmers” preferences for wealth, and te amount of
risk they are willing to carry in dwe hope of attaining
greater wealth, Several types of wtiity functions have
been wsed to describe the attinede of dwe farmer towands
risk { Kidowood 2004). Somoone who prefers o receivea
safe economic retum rather than risk a possibly lower
motum hocawse a potental exises for a higher average
mtum, is known as rsk-averse. In contrast, somoone
who has no preference for safe or uncertain retums, as
long as the expoctod average is equal, is known as risk-
newtral.  Finally, someone who prefers to sk e
uncerain aliemat ve rather than seitle for the lesser, but
more centain economic retum is known as risk-secking.
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A farmer's attitede iooward risk-taking deiermines the
shape of his or her wtility function: Thus, it is possible to
use lincar increasing wtility functions for risk noutral
famuers (LF{x) = 0 1F{x) = ), convex ncreasing func-
tions for risk secking farmers (LF(x) = 0 U'{x) = @),
comcave increasing functions for risk-avese famers
(U = 0 UYx) = @) and combinations of tem

Mozt studies uwse concave utility functions, as risk
aversion is assumed to be a common amaong farmers
{Levy 2006). According to Baumginner and Cuaas
{2010) farmers are assumed to be mon-satiated and
risk-averse, and thus a concave imcreasing wiility
function haolds.

Selected approaches i caleulate conservation
payments {CF)

5D and MV ane both methods that have boen used for
calculating CP {Benitez ef al. 2006, Knoke of al.
2008a; Clasen et al 2011). Given the assumption that
famers are risk-averse, our goal here is o assess
which method provides the more cost-effective CP. To
promote 8 batter understanding of the methods wsed
far calculating CP for risk-averse famer=, we provide
the theoretical basis in the next section as well as its
application to our case study.

Srochastic dominance

5D as proposed by Had ar and Russell{ 1971 ) providesa
criterion for decizion making under uncentain circum-
stances . The attractivencss of 5D lies in its nonpara-
meiric onentation: SD criteria do not reguire a full
parametric specification of decision maker prefer-
ences, bt mather rely on general preference assump-
tions and do not make strong predictions about the
statistical distribution {Levy and Levy 2001). Follow-
ing the criterion of S, expected uility is afunction of
all moments of the probability distribution for eco-
nomic rewm. Application of 5D miles is recommended
for companzonbetween muteally exclusive assets{e.g.
land uses); nevertheless joint distribution functionscan
also be simulated, as done by Bendtez et al. (2006).

First order stochastic dominance  Let's assume that
a landowner must decide wheter to invest in
agroforestry, A, or maize, M, with NPV cumulative
distribution functions {CDF) given by A{x) and M{x),
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mespoactively. NPV is the sum of all appropriately
discounted net revenues, as later explained with Eg. 6.
In empirical analyses, the probshility distributions
A and M are unknown, and must be estimated from
available data. Hence, we conzider a finite, discrete
sample of ohservations on retwrns for ag mfonrestry and
for maize as monoculture over T periods, and we
interpret the given Alucteatons of retums as a nesult of
uncertain states of namme and markets.

Under SD theory, if one investment option domi-
nates another, every non-satiated farmer with a non-
decreasing wtility function would prefer the altemative
that is preferable according to first onder stochastic
dominance (FSD). Thus, agmforestry d ominates maize
by FSDif,

Mix)—A(x)=0, ¥reZ (1

with at lcast one sirict inequality. Afx) is cumulative
distribution function of expected NPV s for altemative
A Mix) is cumulative distribuwtion function of
expected WPVs for altemative M, Z is the set of
passihle NPWs.

F5D contains no considerations about risk aversion.
Tao fulfill the dominance criterion according to FSD,
the CDF of possible NFV: must not intersect. In
reality, however, the CDFs of NPY for two investment
altematives often iniersect, in which case FSD cannot
adequately discriminate between the altematives
(Enaoke H00E).

If, however, CDFz iniersect, or maize would even
dominate agroforestry, some among the rational
famers would choose the conservation altemative A,
only when a compensation C would shift the CDF of
the agroforestry land-use to the right, until FSD of
A+C over M is achieved (Fig. 1).

The A+C ocurve mepresents the NPVs of the
agrofomestry option plus a specific conservation pay-
ment amount paid to farmers for providing envinon-
mental services, Only under this condition, doss the
agroforestry altemative achieve FSD over the mone
economically profitable option—maize monoculture.

Second order stochasie dominance MNow, let us
consider that investors are risk-averse in addition to
heing non-zatiahle. In this case, second order stochastic
dominance (S50) can be wsed to choose hetween
investment alternatives. Mote, however, that here
decision makers with extremely small risk aversion
{who may even be almostrisk nostral) are also included.
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0.8+ r

Curridatva Pabability

Fig. 1 Effects of compensation an the CDF of amnuities of the
comnservation apfion

In this case, agmforestry dominates maize by
S5Dif

f (M(z)—Alz)Jdz >0v¥xe R (7

with at least one strict ineguality.

55D mequines that the area under the CDF for
agmofiorestry is egual to or smaller than te area under
the CDF for maize, for every x. Every risk-averse, non-
satiaied famer would then prefer the invesment alber-
native that dominaies by SSD. Under nomally distrib-
uted NPV, the dominant option must have an expecied
NPV (estimated by the average NPV, atleast as great as
that of the altematve option. In this case, the amount of
compensation reguined under S50 o make the conser-
vation option dominating must at least be agual to te
average land oppontunity cost{i.e. the difference between
the average NPVs of maize and agroforestry ). This is tre
only if the agrmforestry option is less risky than dwe maize
aliemative, otherwize a sk premium mst be paid on top
af the land opponunity cods to convince all rsk-averse
fammers o opt for the conservation option.

Mean variance decisions rides
In the context of financial theory, risk iz often
measurad in terms of the standand deviation of

economic retum. Based on this consideration, inves-
tors with a risk-averse abtitnde would demand a

&) Springer
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greater-than-propontional increase in average NPV in
arder i accept an additional unit ofrisk, or they would
menounce pans of te expected NPV to educe their
risks. Bearing in mind risk avoidance, varfious com-
hinations of NPV and risk may generate an identical
utility, because a reduced risk may compensate fora
lower NPV and vice versa.

MYV is widely used in the financial arena, becawse it
can be applied to calculate fairly decent approxima-
Gons, even in those cases whene MV iz not strictly
compatible with expected wtility (Hildchrandt and
Enoke Z011). A common approximation used to
maximize the wtility of a risk-averse person is an
estimated cenainty eqguivalent {CE), which is calou-
lated hased on the negative exponential wility function
Wz) = 1 — exp{—az); wheme x represents the abso-
lute degree of risk-aversion.

Let's come back i ourtwo options; A { agrofonestry )
chamacterized by low NPV and M {maize —the mone
profitable option. A risk-averse farmer, by theory,
would accept a smaller compensation for choosing
agrofioresiry than the expected land opportunity costs,
if he or she has the guamantee that the compen sation is
cenain.

The differences in the CE between the two options
may result in an adeguate compensation amount. Mote
that Eg. 3 meduces the maximization of expected
wtility toonly two moments of the NPV distribution —
expected value (mean) of NPV and its variance being
part of the so-called MV decision mles.
CE = E(NPV) = 25 dapy (3)
CE is the centainty equivalent, E (MPV ) is the expected
NPV, 2 is a constant quantifying the absolute degree of
risk aversion, mygm, i the variance of NFV.

The constant for quantifying the sbsolute degree of
risk aversion & can be estimated by & = a1, with "a’
representing the degree of relative risk aversion (eg. a
value of one for moderate risk aversion and two for
srong risk aversion) and I, the initial investment.
Spremann (20100 suggests the use of the reciprocal
value of the initial investment to estimate the absolute
degree of risk aversion . For instance, the initial
investment mighit be the land that must be purchased in
order to start production .

To obtain the absolute degree of risk-aversion, we
consider annuitized values rather than the land value.
Knoke et al. (2011) uwse USF 50 as the altemative
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rewm from selling land and investing the land price
(USE 1,000 per ha) at an interest of 5 %. Taking this
annual amount of 175% 50 as the initial wealth of
famers, valuwes for @ of 002 (1/50 for moderate
relative nisk aversion of one) or (L04 {250 for strong
relative risk aversion of two) result.

Diversification oppont wnities

The first pant of our study (comparizon of SD and MV)
i= focusad on mumally exclusive land uses. However,
under realistic cimumstances, risk-averse farmers
mig ht find it optimal to have more than just one single
asset. In fact, diversification is a common practice
camiod out by farmers in order to diversify risks—
usually applied intuitively, withowt having enough
economic information {Warren 2002; Baumgirimer
and Cluaas 2010,

Diversification effects are important for farmers
showing significant risk aversion. If investors are risk-
neutral, they would prefer the asset with the highest
expectad {(average) financial retum withowt consider-
ing risks, and thus keaving diversification more or less
aside. Bearing in mind that farmers generally are risk
aveners, the wtility gain implied by divemsification is,
howewver, notable {Warnen 2002).

The selection of anoptimum share of land wses (i.e.
the optimal land-use portfolio) can be achieved
following the approach proposed by Matkowitz
{1952), who reduces the optimum choice to a set of
twin criteria—eoonomic reward {mean) and risk (var-
iance). From the universeof all possible portfolios, the
famer should sclect one from the st of efficient
portfalios, which means that for a given value of the
mean financial remm they minimize the risk, or, fora
given value of accepted risk they maximize the mean
financial return.

Far the selection of a pontfolio combining A {agm-
fomestry) and M (maize), we use volatility of product
prices and expecied meurn as proxies for risk and
reward. Cut of the entire universe of possible porntfo-
lios, spacific ones will provide the maximwm rewand for
a given risk—what Markowitz called the efficient
frontier of portfolios. The basic idea for portfolio
selaction is to compare assets at different ratios by
their expected financial remms and their standard
deviations. Summing the proportional expected sngle
refurns v; (computed as the NPVs of single options)
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resulis in the expecied financial retum Ve of a pontfolio
with two or maone altemative investments.

vp = IllElllzlr'.'
=1

Ve is the expected NPV of portfolio, f is the fraction of
asing ke asset {fraction of aspecific land use in ourcase
Aand M), v; is the expecied NPV of asingleasset i, nis
the number of assets.

The standard deviation of financial retrns can then
be wsed to quantfy the risk of a mixed investment:

e = e+ E.:v E.?;:'IJFW.',:
b

E fi =1 covy = ke, fi i =0

N

()

(5]

&, is the standard deviation of pontfolio returns (set of
risky assets), i, j ame indices for spacific assets, Nis the
aet of available assets, f; is the portfolio weight of a
specific asset, & is the standand deviation of returns for
asset i, Ky is the coefficient of comelation between the
retums for asset § and asset §, covy; is the covariance
hatween the returns for asset [ and asset §.

Effects of diversification {decrease of rsk for a
given expectad return or increase of retum for a given
risk) can be identified for different combinations of
investments, provided that the varishility of their
financial retum is mot perfectly positive comelated
{k # 1). The decikion regarding the optimum fraction
af the different investments depends finally on the risk
inlerance of the investor—ex pressed by his individeal
utility function. The selection of the optimal portfolio
can be made based on the CE of the portfolios (Eg. 3).

Famers make choices from among different
investment opportunities in order to maximize their
expectod utilities. One of the nocessary conditions fior
making recommendations for optimal behavior in
economic analysis is that an optimal pontfolio cannaot
he inferior to another fieasible porfolio.

Calculation of compensation payments {CF)

Deriving land opporunity costs based on the differ-
ence hetween the NPV of the productive options is a
common procedure wsed to delermine appropriate
financial compensation | Knoke et al. 2008a). The NPV
iz calculated by means of the sum of all appropriately
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discounted future net mevenwes coming from land
M A SEmEnt.

r
z —t

Vi= Fag
=0

vy is the NPV of land wse i, £ is the considered point in
time, T is the perind of consideration, r is the net
revenne at a given point intime; and, g is the discount
factor {g = I + i, with | being the decimal intenest
rae).

To consider the tme value of moncy, we apply a
maoderate interest mte of 5 %, following recommen-
dations made by Peance et al. (2003) and Enoke et al.
{20F%a, b). The average land opporunity costs ane
then,

()

(7

L) are the land opponunity costs, vy is the NPV of
agroforesiry, vy the NPV of maize.

Yearly payments neaded in arder to convince the
famer i choose the conservation altemative instead
of the financialy more attractive land use can be
estimatad by annuity calculations.

lg— g
“= lr"(-;"——l)

Yo = dyy — iy

L0 =wvy — vy

(8)

(9

whene, y_ is the yearly compensation, a, the anmuity of
agrofioresiry, ay the annuity of maize.

The compensation payments—I or v —would
compensate for the expected land opponunity costs of
choosing a specific land-use, causing a risk newtral

investor to be indifferent about whether to accept the
compensation or choose the maone profitable option.

Data collection and modeling

To estimaie yearly net revenuwes for shade coffee and
maize, costs and revenues are calculabed. For shade
coffiee, expenditures (costs) include land preparmation,
planting, ckeaning, pruning, shade control, harvesting,
pulping, fermenttion and drying costs. Revenues ane
calou lated based on yields of coffiee as well as plantain
sales (Musa poradisiaca) because this species is used
during the first years to provide shade instead of young
trecs, We do not consider timber sales becawse most of
the trees used to provide shade have no commercial
value. For maize, costs include land prepamtion,
speds, planting, fertilizers, weading and pest control,
harvesting, threshing and transportation of hags to
collection centers. Revenues ane calculated based on
prices and yields of maize and coffee shown in
Tahle 1.

Based on this information, we estimate net reve-
nues a5 the product of price and yield minus costs.
Yearly net revenues for the two land wses follow quite
different trends over the 15-year time horizon, as
showm in Fig. 2. Shade coffee for instance, requires a
considerable up-front investment to establish the
plantation and a delay of at least 4 years until the first
harvest, while maize is able to deliver net revenues
from the first year onwands.

Price wolatility is commaonly wsed to model uncer-
minty associated with investments in agriculiure,
hocause farmers often decide to enter and exit a

Tahle 1 Input coefficients

wsedd i calolate WPVs and Land =i options Ttem Coefficient Refernce

sourCE: i devive them Shade caffee Establichment costs 1SS 1,455 ha™! Own calouhition
Mainenance 1153 309 ™" Own caloubtion
Coffee yield .33 Mg ha ™" Cexmal {2008)
Coffes price® LISE 1,440 Mg ™" ANECAFE 2011}
Revenues USS 480 ™" Own caloubtion
Plantin yield 2 Mg ha™! Chwn caloubtion
Planiin price USS 140 Mg~ Own caloubtion
Revenues USS 280 b~ Own caloubtion

Mhize Ammuazl plnting LI5S 606 ™' Chwn cakoubtion

Maiz yield 3.36 Mg ha™' MAGAP 2011y
Maim price* L1535 264 Mg~ MAGAP 2011y

*Original value are given Revenues 5% 880 b~ Chwn calcubtion

in 1758 per hundrechveight

&) Springer
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Fig. 2 Net revermes for a shade coffes and by mi ze prod ueed in
Findal, soufhwest Ecusdor

business hased on price fucteations in recent years
(Dixit and Pindyck [994:; Beniter ot al. 2006; Aimin
2010, Lewis et al. 2011). Following this criteria, we
use price volatility to integrate risk into our maodeling.
Todo =, price volatility for coffee, plantain and maize
are estimated from time series data available from
FAOSTAT (FAQ 20 10a). As price per ton is recorded
in Ecuador's former curmency “‘sucre’” befare 2000,
conversion to UUS% iz camied out using annial
exchange factors (Almeida 1992). Information after
2000 is available in USE. Statistics of the prices used
during the maodeling are presented in Tahle 2.

Tahle 2 Descripfive statistics for prices of oopping asseds in
Ecmdar (U155 Mg ™" FAD {2 k), with aberafions

Maine Coffes Plnizin
Na. of deervations 3% 42 42
Mean 25310 14.1 439
Varizna 129598 2028676 25647
Standaz] deviation 1138 450.4 160
Variation coeflicient (%) 44 49 36

Even though yield variability is also considered a
factor of risk in agriculture (Price and Wetzstein
15450, we must mention that we have not included this
varighle due to the unavailability of records at the farm
kevel. Revenues of maize and coffee are derived hased
on curent production levels. Momover a steady
productivity for the three products is assumed. Obvi-
ously, neglecting yield variation can lead to an
overestimation of remms since  productivity  is
expoctad to decline over time due to overuse of land
and for natural hazards (Benitez et al. 2006).

As mentioned before, we foous on analyzing the
performance of the mwtually exclusive land wses in a
first step. Probahility distributions of memms ame
generated using bootstrapping. From the set of all
feasible owtcomes we daw a sample of 1000 repet-
tions to model CDFs for both options. To figure owt
whether FED {(Eq. 1) andior 85D {Eq. 2) are given
hetween muteally exclusive land wses, it i necessary
i compare the CDFs of the annuities of shade coffee
and maize. Land opportunity costs and compensations
are then calculated using Egs. 7 and 9, respectively.

The second step consists of testing the effectivencss
of diversification for improving famers" welfare.
Land-use portfolios combining both shade coffee and
maize ame tested; however, the combination does not
imply an intermingled mixture of maize and coffee,
bt rather separated areas of maize and coffee on the
same farm. Comelation of prices from year to year is
not considened. It is known that inter-annual cornels-
tion increases volatility, and might even justify mone
diversification. To compute nat revenwes, the come-
sponding prices of all three prodects are drawn from
the same year; in this way we consider price cornela-
ton hetween product prices. Portfolio remms ane
caloulated applying Eqg. 4, while the standard devia-
tdon {risk) of the land-use portfolios is obmined with
Eq. 5. Bearing in mind that famers are risk aversive,
the ooefficient alpha is calculated considering two
degrees of risk aversion (one for moderate, and two for
srong aversion). From the set of feasible combina-
tions, the shares with highest CE {Eg. 3) are selected
as optimal land-wse porntfolios.

Results

Froguency disributionsof the annuitized NPV s (annu-
itics from here onwards) for shade coffee and maize

€] Springer
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Fig. 3 Simubted distribufions of ammuities fiorshad & coffee and
maize abtined by boontstapping

derived by resampling are shown in Fig. 3. Annuities
of maize lucteate from USE 6-584, with a mean value
of US55 204 ha™" year™" (SD £ USS 1 11). The wide
dizpersion of simulated financial returns shows a
considerable exposune of maze to price nisks. Annuities
for shade coffee range from USE —14 0279, having a
mean value of US$ 128 ha™" year™! (2US$ 621,

Since risk is measurad in terms of the sandard
deviation, our results show that shade coffiee holds less
risk than maize, in spite of the higher volatility of
coffee prices. The factor contributing most to reduce
risk in this specific sitwation & the diversificaton
achieved by farmers during the first stage by combin-
ing plantain and coffee. The standard deviation of
shade coffee as land use is affected by the individueal
risk of cach asset, and in the case of plantain the risk is
lowerthan that of both of the other crops (see Table 2).
In general, diversification of assets helps to reduce the
cxposure to unsystematic risk. This topic will be
addressed in detail later.

Consoquen ces of stochastic dominance for CPs

Regarding 5D decision rules, maize dominates shade
caoffee by FSD, since the CDF of maize is always to
the right of that of coffee (Fig. 4). As a consequence,
every non-satigted decision maker with a non-
decreasing wiility function would always prefer maize
over coffee. In order to convince all landowners to
choose shade coffee, a compensation that assures
F5D of coffee over maize by moving the CDF of
caffiee to the right of the one for maize is required. To

£} Springer
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Fig. 4 Comubtive distibution fimction of shade ooffes and
mize in southemn Eomdor

achieve FSD of shade coffee over maize and thus
convince farmers to grow it, they require a CP as high
a5 US% 294 ha~' vear—! (the difference between the
maximum annuitics of both options). With compen-
sation at this high level, all investors | famers) will be
perseaded to grow coffee—even the risk-secking
OMEE,

Given FSD of maize over shade ooffee, maize also
dominates shade coffee by SSD (Fig. 5). Since the
mean financial retum of coffee is 115% 128 ha~" year™'
and the mean financial return for maize is USE
794 ha~' vear—!, a payment amount equal i the land
opportunity costs (USE 166 ha™" year™") would be an
acceptable compensation to convinoe risk-averse land-
owners following S50 mles to plant coffee instead of

Afad bdow distibufon Linston

E00
Financial retum LSS ha-1

1000

Fig. 5 Second onder stochastic domimnce of maire over shade
miffes



Appendix

Publication 1

Agrobirest Syst

maize. In owr case, no additional risk premium is
needed, since shade coffee holds less risk than maize.

As we have already mentioned, the term “risk-
aversion” is much more inclusive under 55D as
compared to MY, MV assumes one specific, wseally
higher degree of risk aversion than 55D, while S5D
includes all degrees of risk attitndes, even very weak
risk aversion. The application of MY thus results in
lower compensation amounts becanse farmers with a
stronger aversion to risk would accept a lower
financial compensation compared to weakly risk-
averse famers, provided that compensaton is ot
uncerain. The difference between the CE of maize
and shade coffec would, in theory, he an amount
capahle of convincing risk-averse landowners. The
nocessary compensation derived by MV amounts to
USS 86 ha~' year™ for farmers with moderate risk
aversion, which is only 29 % of the neocessary
compensation under FSD and 51 % of the necessary
compensation under 55D, Fammers with strong risk
aversion would demand only USE] ha™" }'ca.r_'.
which basically means that they would not convert
coffee plantations into maize. Please note, however,
that this holds only under the anificial situation of
considering shaded coffee and maize as muwteally
exclusive land-use options.

Diversification of land-use options

We also consider famns where divemsification may take
place through combining shade coffee and maize. We
test several combinations of shares of bot land-use
assets and choose the land-use pontfolios depicting the
highest CE { centainty equivalent) as optimum (Fg. 6).

ST “eriven, bams

bazs 3
-1nu§

—_—

Cerlal

o p u

[:i:8 s 2%
Fraction of shade coffes

Fig. 6 Optimal portfolio of assets combining shade coffee and
maire hxed on the CE
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For farmems with moderate risk aversion {a = 1), the
(E becomes maximal for shares of 73 % maize and
27 % shade coffec. The mean expected return of this
portfolio & US$ 261 ha™' year™" (+US$87). This
partfolio surpasses the returns obtained by growing
shiade coffiee alone by abowt 51 % . M aneo ver, companed
o maize alone it achieves a lower standard deviation—
in ovther words, it is less risk y—and implicitly provides a
(slightly) higher level of biodiverity by means of
including 27 % of the area as coffee plantation.

The fraction of shade coffee inereases if strong risk
aversion is assumed (a8 =2} in this case the CE
reaches its maximum at shares of 51 % shade coffee
and 49 % maize. Since shade coffec holds less risk
thian maize, it logically resulis that a larger mtio would
be preferable for risk avemsive land-users. This land-
use portfolin has a mean expected value of UUSH
215 ha~" year™' (+US$71) performing betier than
shade coffee with regand to revenue as well as risk.

MNevertheless, maize covers the greatest fraction of
land in the optimal portfolio, given moderaie risk
aversion. The guestion now i thus: How much
compensation is needed to increase the fraction of
coffiee? Through our work, we caloulate the compen-
sation level that would he required to increase the shane
of coffee through a range of percentages (Table 3).

Tahle 3 Compensations required in ohiin a specific shane of
shade coffee in ponfolios @iwbted for moderely and
srongly risk-averse farmers in Pindal {IJ55 ! year _'}

Pordfolio share Moderate Strong
ol () M () risk aversion risk aversion
) T3 [ [

i &7 1 L]

) &l 3 [

45 55 L] [

51 2 11 L]

57 43 16 1

i} 37 n 5

L) 31 31 11

75 25 40 19

&l 19 51 30

.1 13 =) 43

9% 7 75 58

) 1 M T

10 [ @2 &0

A vale of zero hes heen assigned when the estmated payment
is negative

£\ springer
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Like other financial decisions, the calculation of
effective CP is directly affected by the attitude of the
investor towards risk {Torkamani and Haji-Rahimi
2001). Risk-secking decision makers, for instance,
demand a higher compensation than their risk-averse
poers for the siteation we have investigaied. Our
reaults show that risk- seeking investors in southwest
Ecuador, who ame inclided in our calculations to
achieve dominance of agroforestry under FSD, might
demand a high level of compensation to preserve
shade coffee: The amount of CPs that we have
calculated is much higher, for example than that
caloulated by Bendtez et al. { 2006 ). The compensation
calculated by applying FSD might convince every
landowner, hecawse the assumptions showt risk are
quite flexible and the amount may include almost
every land-user. However, such high levels of com-
pensation are not actually likely to be financially
feasible.

Gloy and Baker (200 1) have stated that, in general,
the criteria for SD lack discriminatory power, which
explains why the resulting set of compensations tends
to be so large. Even the 585D rule includes decision
makers with only megligible risk aversion—meaning
land-users for whom hasically *“more is better”™ —and
real risk-aveners ame not ex plicitly addressed here. The
required CP calculated by 55D is still high however,
and from the point of view of any conservaton
agency, it would he preferahble to concentrate efforts in
arcas whene opponunity costs are lower, as suggested
by Benitez et al. (3006). The advantage of the
compensation caloulated by 55D is, however, that
while the expected financial performance of shade
caffee plus CP is the same as that of maize the nisk is
lower, =0 that one may assume 550 could actually
conyince farmers to preserve shade coffee plantations.

If one wishes to consider landowners who would
renounce part of their potential economic returns to
achieve less risk—let’s call them real risk-averers—
MY may be maore suwitahle than SD becawse it
explicitly addresses risk aversion through a specific
concave utility function. This assumption namows the
range of possible investors, and also the set of CPs.
Being that risk avoidance is the typical behavior
adopted by farmers, MV appears maore appropriate to
derive compensations. The criterion for the calculation
of CP iz the CE of the options—in other words, the
value of an investment option afier adjusting for nsk.
Here, farmers might accept a lower compensation,
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thus renouncing pan of the financial retum in favor of
a guaranteed compensaton amount, provided that
shade coffiee involves less sk than maize. Only when
the compensation is uncentain, is a higher avermge
payment necessary to address the risk-avoiding atti-
wde of farmers regarding MV miles (Knoke et al
2008a, 2MGb). This kind of decizion making is not
applicable under 550D, where the dominant option
must have an ex pected NPV at least as great as that of
the altemative option. Each approach thus has con-
siderably different perceptions ahowt risk.

P schemes ame negarded as a cost-effective method
i prevent negative land-use change (Wunder et al.
J008), however maost projects compane only mautually
exclusive land wses: The alernative of considering
varions land-use types simultaneously to optimize the
land-use share has thus far been melatvely ignoned
(Enoke et al 2011). Momeover, conzidering only
muteally exclusive land wses increases the risk of
leakage, because farmers parnticipating in CP programs
are mot prevented from causing land-use change
clzewhere. Enoke et a. (2008b) thus recommend
including traditional land wses in CP programs to
increase people’s enthusiasm towand conservation
initiatives. Taking into account farmers” local diver-
sification strategics might allow the calculation of
meone realistic compensations, and could possibly also
reduce concems among locals abowt soversignty and
self-determination which can sometimes hinder the
implementation of CP, especially in developing
countries {Bacon 2005). An appropriate allocation of
mespurces can help farmers increase their revenues,
while keeping them productive and maintaining some
hindiversity-rich areas {Enoke et al. 200%9h).

Benefits of diversification in the face of uncentainty

One common strategy used by farmers to cope with
financial risks is the establishment of agro-hiodiver-
sity-rich orchanrds, where a wide variety of specics are
combined {Rice 2008). Knoke et al. { 2009 a) highlight
the financial benchits of combining assets having
independent Auvctuations of et revenwes: One o ption
may gemnerate large net revenues while net revemses of
the other asset might be less than expected, and vice
wversa Diversification thus becomes an effective buffer
against markst fuctuations—meducing the impacts of
cconomic booms and busts (Chapin et al. 20100,
Adding forestry crops to raditional row crops on a
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farm, such as planting additional timber or fruit rees,
iz a key strategy to maintain food sovereignty and
manage risk within the howschold (Bacon 2005).
Conservation policies that are hased on compensation
payments should be created vsing caution so that they
do not serve to discourage this behavior Financial
subsidies can negatively affect divemsification as it is
no longer necessary as a nsk reducing strategy (Di
Falco and Pemings 2005). CP should thus be made
condiional to the application of appropriate prodwc-
tive and diversified land-use alternatives,

Diiversification also plays an essential mle with
regard to natural hazards, since it enhances adaptabi -
ity. The positive interaction of trees and crops facing
pests, diseases or weather events is a feamme well
documented in lterature {see Torguebiau 2000; van
der Werf ot al. 2007; Nair et al 2008), and among
agroforestry systems, shade coffee i ackmowledged
far its advantages in this regard (Gordon o al. 2007;
Lopez-Gomez et al. 2008). The capacity to adjust to
climatic changes and fAuctuations in weather and in
insoct populations and o sustain ES is more limited in
homogeneous landscapes when compared to rich
hiodiversity areas with greater capabilities for envi-
ronmental response and functional diversity {Chapin
etal 20100

Unforunately, maost farmers in the topics still
make decisions abowt the shares of assets intuitively
and ot necessarly based wpon reliahle economic
information. Optimization of portfolics is thus a
helpful tool for farmers, bacause it identifies the best
shares of assets while holding risk to a minimum, and
thus, the application of this technigue may lead to
hatter land allocation schemes. However, it is im por-
tant to transfer this knowladge and these technigues to
famers in order to improve acteal land -use.

Costeffective conservation payments

One major concem arising from our results is the large
quantity of funds, arising from the practice of consid-
ering land-use altematives as muteally exclusive, that
a conservation program would need to raise in order
to compensate farmers for growing shade coffee.
Our paper shows that considering mumally exclusive
land-use options leads to excessive compensations,
which appear to he not realistic. In reality, it may he
sufficient to achieve considerable shifis in current
land-use practices leading to greater fractions of the

) Springer
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eny ironmentally desimble land-use options. It is thus
rather unnecessary or even unmealistic to have only the
conservation option, withowt including profitable
land-use options at all. Considering muwteally exclu-
sive land-use options push conseryation policies into
cthical conflicts: the need to produce enough food isa
high pricrity. We may thus state concluszively that in
deriving appropriate CP, multiple land-use options
must be considered simultaneously (Enoke et al
20110

Effectivencss of CP could be improved by either
concentrating effonts in areas where opponunity costs
are lower, or by reducing opportunity costs. This last
option is essential, since low yields ame often a
riggering factor for agricultural expansion and land-
use change. Perfiecto et al. (2005) indicate that nstic
coffee systems with very dense shade produce lower
yields, and Staver et al {2001} determined that yield is
maximized between 35 and 65 % of shade cover.
Since maost of the coffee ficlds in our study anea are ald
and poorty managed, activitiesincluding shade contral
and the enewal of coffee plants anre needed o increase
yields. However, to avoid negatively affecting the
hiodiversity and ecosystem services, intense thinning
and pruning may not be acceptable {Perfocto et al
2005). Future research should focus on seeking owt the
optimal balance between hiodiversity conservation
and profitahility, which is feasible, according to
Gordon ot al. (2007), as long as the canopy s iune
is maintained.

Since we are dealing with private areas, we must be
aware that in the end, every land-user will weigh the
ratio of each “assei” hased on hisher own goals.
Assuming that the relationship between biodivemsity
and profitability is a rade-off (if one wants to save
hindiversity amne has to bear the forgone income, and
conversely, the highest profits are achieved in hiolog-
ically simplified “conventional” systems) the society
must provide farmers with enough incentives to
convince them to opt for the most enyironmentally
desirahle assets {Gordon et al 2007; Rice 2008 ).

Cenification is considered an attractive alterns-
tive for supparting agro-biodiversity-rich landscapes
(Kilian et al. 2006; Bacon 2005), due to the stahility of
the mesulting premium price for certified products
compared to those for conventionally produced crops
(Walkila 2009). A major disadvantage of certification,
however, is that transaction costs can play an impor-
mnt part in overall costs. Valkila (20049) states that
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certification may imply a long process, and this delay
creates sunk costs that must be borne by the farmeers
themselves. The high cost of centifying ndividual
farms makes it nearly impossible for smallscale
fammers to acquire organic certification without the
suppaort of copperatives and development organza-
tions, Low intenest credits (see Enoke et al. 2009a) and
assistance are essential i helping small farmer= to
participate in swch programs.

Paitential market = for environmental services

Economists and policy makers highlight the respon-
sibility of the govemment, with support from the civil
sector, to provide ecosystemn goods and services,
Diespite the fact that most ecosystem services ane
public goods, the physical structure that provides them
i= often privately owned. Thus, addressing property
rights is 8 necessary and complex aspect of insuring
the provision of ecosystem services (Kemkes e al.
2010,

An impontant task for the fulure is to identify
“potential buyers” for the ecosystem services pro-
vided by shade coffee—either govemment agencies or
coffee consumers. A ““government-financed”™ CP
scheme is one method of reducing the transaction
camds sl avoiding liee ading (Bugel ol ol 2608
Kemkes et al. 201 0). The Ministry of the Environmsent
of Ecuador should assess whether agmofonestry sys-
tems should also be included in the ~“Fomrest Partner”
program, which so far includes forests and moors
alone (Progama Socio Bosgue). Even though the
compensations offered by Socio Bosgue are compar-
atively small, they might be effective. Our results
show that, given risk-averse land-users, also small
payments are likely to achieve significant shifts in
current land-use portfolios, although they would
certainly not lead to complete conservation of all
shade coffee plantations.

Price premiums for centified products are incentives
that can also finance (P. The willingness to pay a
higher price for acenified prodwct depends strongly on
the level of awareness of e consumer (Ponte 2002,
Leigh 2005). Sometmes though, a higher price can
reduce the consumption of shade grown coffee
According to our resulis, the price of coffee must
increase by abowt 20 % in order to compensaie for the
land opporunity costs, assuming the shade oover and
yield reponed in Pindal. Unfortunately, we do maot
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have references about the consumer's willingness to
pay for coffee poduced in wildlife-friendly land-
scapes. Funther research for assessing whether con-
sumers would be willing to pay maore for this product
should be carried owt in the fumrne.
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Abstract

Organic farming is & more emviron mentally fiendly form of land use than comentional agri-
culture. Howewer, recent studies point o ut production trade offs that often prevent the adop-
tion of such practices by farmers. Our study shows with the example of organic banana
production in Ecusdor that economic tmdeoffs depend much on the approach of the analy-
=is. We test, if organic banana should be induded in economic land-use porffolios, which in-
dicate how much of the land is provided for which type of land-use. We use ime series data
for produ ctivity &nd price:s over 30 years fo compuie the economic retum (as annualized net
presentwvalue) and its wolatility (with stendard deviation as riskmeasure) for sight crops 1o
derive |and-use portfolios for ditierent levels of risk, which maximize economic retum. We
fimd that organic banana is included in land-use portiolios for almost every level of accepted
risk with proportions from 1% to maximally 32%, even if the same high uncertainty as for
conventional banana is simulaied for organic banana . A more realistic, lower simulated
[price risk increa sed the proportion of organic banana substantislly to up fo 57% and in-
creased annual economic retums by up to US$ 187 per ha. Under an assumed integration
of both markets, for organic and comentional banana, simulaied by an increased cosflident
of comelation of e conomic return from onganic and comen ional banana (p up to +0.7), or-
ganic banana holds significant portion s in the land-use portiolio s tested only, ifa low price
risk of organic banana is considered . We condude that uncenzinty is a key issue for the
adoption of orga nicba nana. As historic data support a low price risk for organic banana
compared to comen fional banana, Ecuadorian fermers should consider arganicbanana a5
an advantageous land-use option in their land-use portfolios.

PLOS ONE | DO 10,1 371 jouralpona. 01203848
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Cogaric Banana as Pas of Land-Um Postiolios

Introduction

The intensification of agriculiural systems has resulied in 2 substantial increase in the amount
of fowindl proadisced i e last decades Uumvigh e apjlica tion of technologies ssch as high-
viehfing ¢ rop varieties, chemical fertilizens and pesticides, irrigation and mecha mization [1].
Reaching current levels of food prodisction would hardly have been possible withowt the use of
these technologies [2]. Nonetheless, poorly mansged intensification can ultimately lesd to 2
drop in soil Ertdity, pellution o ground water, incressed releste of greenhouse gases and over-
all kosses iy bioadiversity [1, 3-6]. Such detrimental impacts on the enviromment and on ecosys-
tem services highlight the need for moere sustainable methods of producing foed [7].

Inn practice, however, the adoption of sound practices, such ssorganic famming, is sill hmii-
ed, dhee to the econamic sttractiveness of conventional agriculture and government policies
theat contime to encourage the use of synthetic inputs [1]. In general, livile is koown shout the
ecomxmic performance of amtainable land- we practices [8], for exmple, organic farming.
Consequently, 2 full acoman ting of both the coats and the benefits of sustsinable sgriculiere
alwosialdl foorimn thee bt for podicy, ethics and setiodn [7, 9], lndeed, astesd g the ecological and
econmic tradeolls between organic and conventiona] farming, and identifying the economic
pespectives from which the adoption of organic farming could be advanizgeous forms a
ma jor challenge.

Evidence confimms that organic farming del ivers lower yields than conventiona] farming
[2, 1-13); movetlseless, 3 poditive aspect of producing orgs mica Dy is the meaminglul reduction
of external inputs such as fertilizers, energy and pesticides due 1o enhanced soil fertility and
higher Wodiversity [10]. The Bt that o gainie syitens may reqiire 35% mode libor Ui coi-
ventional does nol make organic sgriculture pecessarily more expensve than conventional a5
reduced comts of fertil irers and pesticides represent an important component on overall cmis
[14]. I axdelition, the extes costs gen ersted by adopting organic standands are supposed o be
more than oﬂ':-etl-:.-ﬂ-ne PnuePr\ﬂnmnﬂni mmwywﬁpmﬂninﬁlﬂm:whﬁ a
sustainable agricultuee label [15].

A reduction in yield forinstance, does not imply that organic farming might mot be attrac-
tive it all for Brners, becaise organ and conventional prodiscts am sold on different markets
[1£]. The prices for organic and conventional products may thus show merely small correla-
L, :ndpriue '\-a\hﬁ]:ii:.- may e limwrer fonr ﬁrﬁ:.n.ic 'PTMLN:I:- [ﬂ:. I m:.rl:.-murltrib. 'Pris:ae pre-
i for erganic prodects ap pear o be non-declining over time (eg. for pinespples) [18].
Additionally, net returns in conventional systems have been reponed o be more variable and
thuss maore risky than in ergamic corn-sovbesn syatema [14]. Momeover, the volatility efcrop
viekls may differ between organic and comven tional production. Microbil bicmass and sctivity
as well as sl o g T i::ln}naré:]mﬂd.:}waps-%niﬁﬂnﬂy]‘ljﬂwrin:dharﬂieawi: farm-
ing systems than in those of the con ventional system and microbisl communities ane more sc-
Lve mﬂaﬂﬁarﬁmﬂc system I the (l'Prl.iL‘ anils, microlial as:l.ivi'q.- ispmh.i\drmrrﬂamd
with sl fertility [19). If orgamic farming would also achieve reduced volstility of mardket prices,
this wasuld sisggest that erganic Brming systems would be 2 well auited option i diversify oo -
ventional bind-use systems. However, (o the best of our knowledge there are hardly any studies
which have tested whethe rorganic farming systems are suited a8 valuable oompome nts o diver-
sify conventional land-wse porifolics.

Orur study will foscus on bana e produsction in Bossdor and we intend totest the following
hypothesis:

H:"The inchesion of organic banana into e fickent economic land-we portfoios in Eouador
is driven by the uncertainty of their economic rturn”

IPLOE OME | DOE 101 3N foumalpona. (120384 Maxch 23, 2015 2723
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A biwd-use portiolio is mamed "eficent,” if there i b0 oler laind-uie portfolio with a higher
ecomsamic retum for the given level of economic risk. We test the impact of the valatility of eco-
i retums for erganic banana and the influence of the comebtion betwee n economic re-
turms from organic 3 md conventiona] banans on the incusion or excusion of ergamc banans
inite oor From the optimal land-wse portfolics.

The approach followed: Land allocation based on economic return
and risk

Farmers’ decitions about how best o wse their bnd are driven by the goal of improving their
own well-being. Well-being i defined scrom many dimensions, induding income, security of
Livelibond, aind health [16]. Decisions shout bnd wse are influenced by the relative potential
ecommic retum or benefit of esch activity, which, in turn, depends on the availsble techookegy
:.rldpr\emi]ing marketl and environmental conditions [20].

In general, it i reasonable to expect that farmens will chaoose produsctive activities tha t masi-
mize their well-being, given the resources and opporunitiesavailable 1o them. However, as
Brmersane typically regarded s rivk- sve me, strategios (o reduce the uncertaintios inherent Lo
agricultura] production may provide beneficial effects [21, 23], Farmers will, comsequently, nal
aily seek high average, but also low standsed devistion (S0) of dise ouinted ftisme nel mveises.
Risk-ave me farmers may achieve high levels of risk reduction by mixing two or mone Lansd- we
options whose fnancial yields Quctisie indepen dently from one another {with low correla-
tions ) [23]. [ otheer waords, in periods when retums from one aset drop, another one may gen-
erxte unexpeciedly high retums, thus, moderating the effects of economic boomsand buss
[22 24].

The level of kand-wse divers fication may range in intensity from intermingled cropping
(&g agroloreitey ) 1o bdicape-level approsces [1, 25]. DiversiBestion #t the bivd scxpe level
consists of prodiscing crops in separsted parcels that are rebatively small in size bt still large
enough i permit agriculien] inensification (eg. mechanization) [25]. A well-recognized
e thod foor Firding the optimal diversification strategy i the Portfolio Theory [26]. This theory
s e wwsed, for instance, to further develop Thilnen's [27] economic band-use theory using a
portholio-theoretic reformuls ion [ 28], Our paper builds on the portfolio- theonstic enha need
Thiznen approsch by modeling famers” options for balancing ecomomic retum and dsk. [t
rl'nyl.re ided, oy & oive haid, 1o I'hd:n:pprwpr':l‘le Land allscation to-\uriﬂu.lhrld-mépms:-
tices on new banama farmland. FAQ Statistics tell us that in Beusdor, Fom 198000 2002 the
area of b i fanma im.ﬂdhy lm}nper year O the othver hand, also irl&l‘.j!-LiTIﬁ farmm
thee exhausted bonans plontshave o be replced all fve to ten yesrs making it necesary o
renew the investment. This gives an opportunity to 2lter the existing lind distabution 1o busd -
use practices. Forexample, asume 3 B with 200 ha pure bansna, where bansna plants have
o e replaced all ten years. In order (o bakince the anmeal work a portion of 20ha could be re-
newed every year so that all banana plants are replaced once during a 10-yeartime span. &
completely new knd-use portiolio may, in this way, be created within ten years without stop-
ping the banana investment before plant productivity redusces.

Our approsch attempt s, by mesns of the allecation of bnd to variows bnd-use practices, to
ma ximize the expected sconomic retum (in the form of the average annualized net present
valise), fior & given kevel of accepled sk which is repre sented by the S0 of economic metura,
through careful selection of the propartions of total available land ares occupied (o called
prortholion) by various Land- use options. Thisse porthaios et provide e lag e eomomie re-
tum for a given S0 are termed e ficient portfolios. All othens are considered inefMicient.
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Markaowitz [ 2] propoded his Famous portfolio tseory i 3 por i live seihse, &3 moeime-
dation for portfolio selection , and in 3 positive seme, to, 252 hypothesis about investor behav-
Ml Hﬂ.weaﬂ:ﬂy h\.’l:.l']alinﬂ\.l\l’ifl.z‘1.'|'|6|:l':.I iy oo/ i ion w‘iﬂ'lﬂ'léT]'lfl.m:FFrmﬂ'l i &
nosrmative sense. Thus, our mode] shows how bnd should be allocated to the svailsble land- use
practices to achieve the highest economic retum for an sccepted level of risk. This does not
necestarily mean that the model output isa proper prediction of Aetwre Land 2 locs on, norwill
it necessnly describe the past land allocation practices. [t may just help riskaverss land owners
o chieve tbed v e oo oimie olsjectives i a comsitenl way. Nomative madels ke ours amy
heardly be tested empirically (see Roll's [30] critique to the Capital Asset Pricing Model), bt
still can help forming comprehensible lnd-use scenarios and delivering valssble hinis for rsk-
return efficient land- use strategies [ 28], These kinds of models have been applied in the past in
order o maode | decisions on bnsd allecstion 1o varioes land- we practices from an econoamic
perpective [27] and to derive cmt-effective comtervation sirategies [28].

Our mande] has 2 static nature, although the time srecture of net revemses, such & koking
of significan i positive net revenses in the fist three years of orga nic banana, are considered for
thee sirggle land-we options. However, it is investigated howland should be allocated to land-
wse praciices, but not when thisshould tale plice, becawse the timing of crop conversion is
much infuenced by the mature of the investment Forexample, when banana or coom plints
are exhausted, they must be replaced, wheress it would mot be wise Lo stop the investment be-
ke, The optimal aloca todn of land to land- e practices delivered by our model is, dhes, valid
ins gerweral for the future, regardless when it will be achieved. Our consideration asaumes that
ithe sume ind-use practices with the sime economic charscteristics are availsble in each time
period OF course, new price, cost or uncertainty levels may establish themselves in fisture peri-
o5, which would alter economic retwrns, their uncenainties and correltions. However, to pre-
dict these changes at this time would be speculative. We, thes, prefer (e static 2 ppooach,
which still allows for comp uting revised allocation of bnd 1o lsd-use practices, when new in-
ferimation i avalable. However, we liave 1o keep in mind the static, single period natisre of osr
analysis, which is embedded in 2 many- period reality [29], where the economic coefficients
ey aclually change from period to period. To consider this we actually recommend o revise
thee s bysis of land-use portiolios from time Lo time in practical applications.

We mse the classical SD a3 3 measure or dsk and u.l'u:aErl:.im:.-. while we do rld.d-ﬂ-ﬁ:rlﬁl.l.'ﬂ}l
between risk and wicertzinty [31]. OF cowrse, uncertain ty would coveralos the rght til of the
probabiity distribution of posible economic retums, with sctusl returns being higher than ex-
pected, which & ol 1o be comsidered 2 "risk™. It is well kisown that availsble optios 1o macl in
respore 1o the sctual development of prices, costs or productivities may prodisce economic re-
i theat are located on the right tai efreturn disiributions. The options to defer, abandon,
omtrsct, expand or switch the investment [32) may incresse the econemic return in compari-
son b resulis delivered by the classical pet present value approach [33]. This flexibility can be
considered o e formal basis of the options approsch i ca pital investments [34]. However,
the consideration of multiple real options in a porthdio a pproaeds is very complex. For exmple,
e tionin vatlises for (e siingle laind - ise practices ame ol sdditive [32]; we, hizs, dhould be
aware that wing one option coukd compromise the we of other options. [f we exercise the op-
ety b expand or switch to organic banana, the options to expand or switch to other praciices
will be limited. Ao, if we wail too keng with exercising, competition may have enpded the op-
tion value already [35]. In maleing solitions: 1o the real options problem managesble, modt of
the applications of fue real optionsapproach in bind mansgement, 28 3 resull, reduce their
problem perspective to consider only one investment project or the replecement of only ane
priect by another one. For example, Yemshanov el al recently inve siigated when, if st all, io
convert agriculture into  bie-fse | poplar planta tion and vice-versa [36]. In another study
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Capoorra and Sick priced agricultur] land with 2 real option o convert into erban lasd [37]. In
contrast to these studies we ane interested in the optimal structune of land- we portfolics, po-
teiitia Dy cobiting of maiy bind-wie optioins. We are sware Ut the options inherent in U
single bund-use practices conside red can have an impact on their economie returns and risks,
a5 sludies have shown for mixed forests in comparisen with pure foresis [38, 34]. The stnsclure
of lanwd- use portfolios might, s, be altered by the options approsch in theory, if option valses
differ gresily between the ind-use practices condidersd. Here, the lind-use practices with the
grestest volstility of economie returns woul d have the grestest potential i bear significant op-
tien values. However, these practices may alse be the rskiest and (impreper) oplion pricing
ey il inde the podability of gready overestimatig the valse of e modt uicerlan projects
We will discuss possible efects of applyving the options approach on the composition of bnsd-
wse portfdios at the end of our paper. Indeed, it would be very dhallenging 1o ade quately deter-
mine an inchsive st of relevant options {eg., timing of incdwdon, exchusions, conversion and
possible re-conversion) for all the land-wse practices considered smultaneosly. And this with-
oul infllating the econamnic nik—dise to the ineorporation of many uhcertn, parily secnlitive
elements—beyond the level which the kndowners would be willing to accept. Although theo-
retically atiractive, real options are ofien considered by mansgers to overestimate the value of
uncertiin project, enomrging decision makers to overinvest in them and to gamble in the ex-
reme case [ 35].

Thsere are also technical problems, which rather detract from thse real options approsch. For
esample, Plantinga pointed out that decisions on the optimal timber harvest under uncentain
prices d epeid stragly on e wnded ving proces to simukate prices [40]. Al Insley showed
that applying either the Geometric Brownian Motien or mean-reverting prices had 2 great im-
pct on the outoome of option values and when i best harvest (replace) existing trees [41].

D to problems with the soquisition of appropriate dats and the choice of the appropriate
pricefeost processes plus the very complicated modelling of interacting options ina pertfdio,
the st computation of opticn vahses is 34l conside red problematic, although the conceptis-
al value of the approach isadaowledged [42]. Some st dies, thus, consider the practical appli-
catiniy of Ube real oplions spproach entical [43, 44]. Ln sumimary, we justily our static approsch
a5 being helpful toanalye the attractiveness of organic banana, beca use it is mare inlrmative
then studies considering organic and conventiona] farming 2 mutually exclusive land-wse op-
tioms [13, 45, 46] and less speculstive companed to the option vale approsch.

Acconding to the theory of portfolie selection the expected econemic meturn of a portilio
with twe or more asets, B, isobdained by adding the expected economic retums, r, weighted
by theeir propotions, f, of the single kosd-use options.

R=2 (1)

with r 25 the anmualired sum of 2l appropristely discouns ted (discount Betor g = Id and
d asthe discount rate) net revenses, ny, of land- use option, 1, over  time period, 1, of 30 years

- g Ja=1-g"
".-—[Z".- q ] -1 (2

We applied a discount rate, d o (.05, and thus g = 105, 28 this discount e hes been wsed in
the past b0 assess forestry and farm strategiesin the tropics [47-49]. Using 2 higher discount
rate would of course, alstantially redisce the e conoimie retiumd. Egisalion 3 ¢averts the et
present valee directly into an annuity. This is practical for the maodel ling, becawse the anmuity
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may be compared well between the bund-use practices conside red and has the same unit 25 the
el T Ve Pﬁ'yeﬂ.rol':nmn]m{i}r wiich :.n.rll.lji:.-:rld yhﬂy mel revense i3 ddentical ).
The 5D of economic returns for the portflio, o, i quant ified a8 Bllows,

v TR

With:

ZJ'.-=lf.-.-“-_*ﬂW.c=M.-.-m_-;=ﬂ_-.rs_--s.- (4)
wihere 1 and j:na the imdices for the ;'Pﬁi:iflc Land-wse apu)-rn'._lﬂ i the Pmpon.io-n of land oo
pied by 2 specific sgricultural land- use practics in e porthaio; 5, is te SD of returns. for lasd-
wse practice f; g is the coefficient of correlation between the sconomic retums for aptions §
I.I'Id‘j". var is the variance amd u}‘v,v., i e covanane e between (e eooiomie meliarh be O'P'Llhrn
fand j. Using this methosd, the effects of diversification can be identified for differen t combina-
i o band-use options, provided that the varishility of their econemic retum is not perlecty
positive cormelited (p1).

Land-use options considered and economic modeling
Crops selectedfor the land-use portfolios

The area selected for our modelling—the Babahoyo sub-basin—is located in the littor] region
of Ecusdor. This region isa Sat Qoodplain cross-cut by many rivers. Alluvial sodls of voleanic
origin prevail, which are typically well- drsined sandy cay sods with variable textunes. Inte nsive
agriculiure covers 65% of the land [50]. Permanent crops commen to the region consist of ba-
reanes (M aeminak) , sugar cane | Sacharum officmarum), African palm ( Haen gurnem s ),
cocdn | Theobroma cago) and coflee (Coffea arabica). The main anmsal crops in the region are
e e | Zeat miays), rice (Oryza sathar) and sovbeans  (laane max) [51].

We modeled 2 typical medivm-sired farm (100 hectares) scrms 2 time horzon of 30 yeans
witig Bue e with tse ighest rel evanc e for the region, bated on infommnms ton fon dhe [
Census of Agriculture and Livestock (Fig. 1). The selected land-use options were banana { oon-
ventional and organic), cocoa, rice, maiee and sovbean as well & two tree species.

Barana is the main export-orientad agricultur] commeaodity in Bosador, thes it is generlly
prodisced under very intensive management [52]. The methods and inpuis wed to produce ba-
fan ane mare inlendive and expensive than every ather crop wsed in this study (Table ] and 51
Dhataset). Dhse s the import noe of banana to the local economy, the extent of the ares current-
]}- Ll.rujerpmdm:l.im aid e i:'l'l.'|:|m:|:i.:l.l.mdl.l:.I e e d'.mynﬂ'leLis.' irrpub.wéuﬁrm'd&\éd il iim-
perstive toases whether pantial comversion Lo erganic production might be econemically
abirac tive for kocal Garmers. This step was shown to be feasible and may also be meaningfil in
terms of risk meduction, because prices for conventional and organic products am subject to dif-
ferent ma ket conditions [11], thus, we may abio expect positive effects of diversification. Two
aspects suppont this smemption: organic production delivers better ecosyatem services than
con ventional production, and the demand for organic products has risen sgnificantly during
receiil years [18]. Althoigh ofgainic barais aill represents only 2 small Frction of Bosadonian
b escpeorts 3% ), the area allocated 1o organic banans rose nearly threefold between 204
and 2007, Froan 4700 to 13800 hectares [15].

As mentioned before, conversion from comven tional to organic farming can be carried only
oo part of the available land [33), for example, when the existing banans plants have to be
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meinevied aivways. This i the cate scoording to our modelling every 10 vears (see 51 Dataset).
Partia] conversion means that potential problems with the new production system can be better
e naged and buffered. For example, evidence shows that in combination with organic &m-
ing, convention al Frming helps to keep levels of pests low in the oganic parcels. However, the
share of organic farming should not exceed certain thredwolds [12].

Despite fxrestry is not a traditiona] bosd use in the coastal ares o Ecusdor, in mcenl years
lan domw niers have shown intensst for investments in fast-growing species such asbals
(Oheroma Pyramidale) and burel (Cordia allisdoralas a complement to sgriculiure. Both spe-
cies are able o thoive in lands formedy dedicated to agriculture [54), which make them ideal
for reforestation in sbandoned or degraded land. Thus, we incheded these two species in ouwr di-
versification modeling 2 mechanitm (o increste the supply of timber From - native forest
species and 1o foster restoration of sba ndoned agrcullural land [25, 55].

Modeling economic performance of land uses

Price and vield statistics ke each buid -isie option were collected frxm official sounces st both
the petional and international levels (Table 1), Later, we calculsted the costs and revenuves br
each land-wse opticon (51 Dataset). The costs considered inc heded land p reparation, planting,
pest control, fertil ation, maintena noe, harvesting and infrasrecue (irdgation, meds, ete ).
Dhse 1o masdeling constraints, we did not consider intr-ann sl erop rotations.

The cmts consdersd for reforestation induded those B gand establisment, prtection,
thinming and final harvest. Management plass detailing the intensity of interventions and the
parzmete s of the planistions of both species are presented in Table 2. We included an
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Takbie 1. Coefficients ussd 1o compute net returns of agricultural ass ets in the Babahoyo sub-basin,

Land-use aption Hem Coefficiant Source
Cocoa Esmnizhma ozt USEI606 ha™ Evary 15 yaars, owm calouiatan
Annual costs US55 hat O caloulasian
Prica LSS 1634 Mg" [&1]
Yiaid 0.3 Mg har® 1]
Conwarional banana Estanishman costs LSS 2895 hat Al 10 yoars, own caloulaan
Annual oosts LSS 4745 ha' Cvam caloulaiion
Prea Ustas g™ B
Vil 23 g ha™" B
Oigaria barana Esmbizhma cosis USE 3150 ha Evary 10 yoars, oan calculatan
Annual oosts LSS 4545 ha Cvam caloulaiion
Prica USEaa Mg 5|
iid 15 g har® 2E|
Fica Cosis USE T4dha' Orami caloulation
Prica LSS 300 Mg [&1]
Yiad A7 g e’ [&d]
Maira Casts USs6eaha” Cvam caloulasion
Prea USE 277 kg™ ]
Vil A.18g ha™® 45
Soybaan Costs USE 520 ha Oran caloulation
Prica LSS 404 Mg 1]
Yiald 1.7 Mg hr® [&1]
Balsa Esuhishmen oosts LSS 1584 ha All 6 yoams, adapiad from Projonestsl
Stand growsh 45 o ha" poar®
Dnsity H33 froes
Harvasing casts USE 600 ha
Amvoruas LSS 6000 ha™
Lawral Estshishmaent costs LSS 1654 har All 15 yaars, adaped fom Profonestsl
Stand growh 18 har® yoart
Dansity #33 troas
Hanasing cosis LSS 2200 ha*
Aovorias USS 10621 ha
Dimcourd =ta %

*Projorestal is $a Oifos for o Pomoton of Foresty in Ecusdar (MAGAP)

ok 10,137 Ypumal pone 1 20384, 604

estimated mortality rate of 2% of the planted tree seedlings [48, 58], and, 2 fucuation in
growth of 10% [48]. Retums were cale ulsted by multiplying the mumber of logs harvested by
the price received for raw loga

We used ﬂwprim a.mlprmlm:l.i'viﬁa rﬂ'ﬂwpu'iml 19302008 'Puln]i.ﬂw.l in FAOSTAT
{Table 3) to maodel uncertainty and chamsceristic comelstion structures between product prices
a.m]'Prm]m:Li\-H.iﬂ. These series mma.inmum.ry-]e\-ddau; v erthel ew, we oomdidered them
o be applicable toour study anes, becasse e region i one of the most produsctive aress in the
country, this the data i mot overoplimistic. Prices for the period prior to the year 2000 were
first converted from Sueere (Ecusdor’s Brmer currency) into USSE, wsing annusl exchonge Be-
tors [57]. T adjust the historical data to the current price level, anmual prices wene divided by
ﬂwnu—.lge Priﬂe of ihe time senes, and tlds qum.iem. was then ml.l]'l.i'P]iHl by ihe current 'Priue
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1]

Takbls 2 Harvest plamning for balsa and laurel, adapied from Proforestal *

Variables Balsa Lawrel
] ¥ mar 3 ¥ & Yoar 8 Yaar 16
DEH** i) 020 0.35 0.20 035
Commarcial haight i) 4 10 8 12
Fasn Factar 0.70 0.7 0.70 0.70

% Thinring 050 1.00 0.50 1.00
Vioiurme par troa (') 0.18 06T 0.18 o8
Vialurna par ba g e ) [T 224 40 B 26828

*Projorastal is $ha Olfoa for $he Pomofon of Foresty in Ecuadar (MAGAP)
** Dianotor a i brasst haght

a0k 017 Vpumal pona 01205 D

for esch erop. Similady we aloo adjested the data seres of yields for every bind-uie option
usingg the sme procedurs we applied to the prices

Boststrapping —sampling with seplacement —was wtilied o gen erste frequen cy distrilu-
s R the ann uities (Equation 2) of each k- use option. Prices and productivities were
drzwn From the same year to produce 2 sample of 10600 repetitions. By applying this procedere,
we did ot comider cornelation between the prices and prodsctivities from one year o the next
year for the same option, but rather the correlation between pricesa nd productivities between
all band wse optiona. Given that time sefes for prices and productivity of orgamic banims were
ot avzikable in FAOSTAT, we wsed, in a first atlempt, the coefficient of varition of prices
(85%) and prodisctivity (22%) for comveilion] bai i 25 progies o mode] wicertinty bt of-
ganic banana The very important coefficient of correlation between organic and con ventional
Tt 15 (o gy WS erived from price changes of documented wholessler prices [58, 53]
These support a coefficient of comelation of shout zero between the economic retum s of boty
variants of barana, when prices for conventional bansms are on the decresse and 2 poitive cor-
reba tion, wlen prices for conventional bansns are on U inaesse. Finally, we provided 2 coefli-
cient of comelation of zer between eomomic returns R orgaimic banan amd those for other
e, i ber o the correlations foumd between comven ozl b i ecoomie mturn and da
ather crops. Given these data and ssumptions, we simulated the frequency distibutions of the
anmsal economic retums for organic banana by means of Monte Cade Simulation (MCS).

A dow coefficient of comelastion between economic returng of both conventionsl and orgmic
Tt rursa i also supported by the fnding of ancther author that organic price cha nges are sctual -
Iy bargely independent from converntional price changes, unless changes in conventional prices
are quite large [LE]. However, we nevertheless tested the effect of increasing correlation be-
iween econoamic retum sof conventional and organic banana, posibly de to—so far not ob-
served—growing integration ofboth marets, by asamming p o, . 07 up to +#.7. Moreover, s
our madelling led to 2 very high S0 for organic banana with a coefficient of varation of their
ecomxmic retwm of 81%, we also tested the impact of a lower uncertainty of organic bans na on
the oxptimal kand allocation in our portfolios. Assuming lower uncertainty is well justified and
ey e even more realistc companed b our initial high-uncenainly scenano, becaise the
availble price data sugges that prices K organic banana are very sable, showing only 50% of
ithe volatility compared to prices of conventional banana. A lower price unceriainty isa very
imypriant aipect, because the price uncertuinty of comve ntiona | banans, which we adopt in the
initial soenario to model the Juctustion of gros revenues for organic banana, dominastesthe
large uncenainty of the economic returns. By sefting the uncertainty of the crop productivity
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Table & ¥ields and prices during the periad 18702004 for main crops in Ecuador {obtained from FAGSTAT) [7dl

Land-use aptions i

Cooon Banana Soybean
ear 'T‘Inu Yield 3:- Yiekd 'T‘I-m Yiekd ';P:m :Hd 'T‘Im Yield
i - NN - N N - N N NN -
1970 agia a2 50 k-] 243 150 1240 10 682 a7
a7 L a3 oz a7 202 152 A 1 Gai as
872 816 ik &7 a7 x4 15.1 1567 12 G54 21
1873 Taia a3 L] 1] 23 154 ar2 13 a4r 28
1974 ada o4 277 k-] | 176 681 14 1260 26
1975 10283 a3 2 ] -1 232 L 15 15389 a0
1976 12100 ik 1958 ] a0z 240 - el 15 1579 286
a7 16875 a3 215 1] < 244 M 13 17548 ai
1978 21067 ik 2106 ] T 280 iz 15 1970 248
a7 20656 o3 2 ] o A a7 13 1928 28
1380 18572 ik 0.7 11 L] X2 aia 13 2030 a0
a8l 10613 o3 196 5 12 a2 s s 15 2ma a3
a2 B2 S o4 123.7 15 3 .7 X074 14 1530 28
L] 12868 oz 4.7 11 188 o 2421 14 1659 28
a8 15229 ik 1925 13 ol a7 1852 1.7 201 ER
1985 13955 a5 1805 15 26 anz 2515 14 2348 27
196 13133 ik 1370 ] a7 20.7 50 1.8 2281 285
a7y 15634 oz 15889 1] =1 200 2349 14 1227 28
] 2035 ik 1354 k] 135 202 1743 14 1223 a3
188 agr o3 137 11 1158 8.7 266 6 18 1814 ail
120 a4a7 ik =27 11 1301 213 0.7 20 1547 ail
LEC] 6852 o3 2542 11 1473 208 2743 18 1220 ao
TR 6517 ik 293 11 138 218 2186 15 1420 a3
126 T253 o3 4551 12 1268 217 237 14 132 as
156 a9l a2 =04 11 1285 230 2852 -5 1515 az
1985 agr.y o2 4528 1.1 1165 27 2861 1.1 162 a3
T LR a3 a7 11 1329 23 2582 13 1673 az
- 11133 o2 s 12 1314 A5 187 1.1 2033 a4
1268 102586 al a5 11 1082 2654 4 4 13 18531 az
183 aiar 03 2roa 12 1640 330 1410 14 1570 as
2000 TEaz2 a2 i 14 1654 2B E 2478 1.7 1500 az
200 165 oz 4730 0] 1460 265 270 14 1360 L]
200 13877 a2 4500 14 1600 244 25510 20 1300 ag
2003 1aTas o3 50 .7 1530 2 E 2230 1.7 1430 as
2004 1752 a3 Ao 18 1240 274 2420 1.7 2260 42
2005 12427 o3 50 FA 1160 o 1840 20 1910 as
2006 128918 a3 aa5A 18 1173 23 e 12 1654 42
2007 19016 oz =L 23 1380 ana s 1.7 232 44
2008 15447 a3 B533 -1 1321 aa 533 16 2918 41
2008 1801 Lk 550 22 1434 353 383 1.7 2625 a0
e L1 Vpumal pone 0 208, D3
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Annuities USS/ha

5000

4000

3000

2000

1000 -

0

=1000 -

equea] o zero we still olserved, through the price uncentainty aone, a standard deviation of
5% usm‘pa.rﬂ] tox the combined st ndard deviation fom crop and price volatility. Given this
b cheground inkxrmation, 2 scenario with reduced wncertainty of econemic return for organic
b s appears queite realistic, In summary, we assumed in one varition of eur consderns tion
a redusction of te SD for prices from sctuslly USS £55 per My (conventional barana) to USS
130 per Mg o organic bana na resulting in 2 coefficient of vaation of crganic banana’s eco-
mixmic retum of £50%.

We fzoed the same challenges regarding data avadability 25 described for organic banam
with tlee higtorical data for the 'Priue: of timber. In this cate, we atsmed whhli]ily in IJbE'P noe
of timberof 10% [48]. Random prices for balia an d bunel were simubited stsuming 3 normal
distrbution. The probability distributions of retums for bala and burel were then estima ted
I.I.'H.nﬁ, MICS, also with 10040 rupﬂ.iLiuru.

To calcubate the expected econmic returns ke each of the knd-wse portiolios, Bguation 2
Wt a:P'P] e, whuile h,,_ua,l._um_ldd! verad the S0 a3 our Ak indicstor for each 'Pu-rLia] Mn,

Results
Economic retum and risk for single land-use options

We will first present the simubited anmesl economic returns of esch of the agriculiural prod-
wets when P mdisoed a.!.!'mﬁe q:ﬂ.iur.u I'I::iu 2. Cormventiona] banans was tle u'Fﬂ.iqn with the

Banana organic Maize Soybean Laurel

Banana

eamventianal

+F F 2+

Cocoa Rice Balsa

Fig 2 Simul aied annuities for land-use opfions produced in the Babahoyo s ub-basin. 'Whisoons momess i $o lows stand S fighost amual reums in

LESS ha™.

o W01 7 Vipumal pone 1205, g0
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Oogario banan asas wall as fonstry op fons wans modalind by maans of assamaed namal distrbusions.

doc 01 Vipumal pon (4 05 gz

]liﬁ]bw.t e i an ] ecomommic retum [USS 1786 ha™ £945) and also the aption with ﬂm]niﬁ]n-
est S0 (risk). The great volatility of prices and vields which has been documen ted for comven-
tionrial brarsa i is the cause for ﬂbﬂ\‘_‘]ﬂlﬁt Muctustions (Table 3, Fig. 3). For this reason, even
negative ecomomic retums ane possible. Macimum caloulated ann wal returns perha wene a3
high = USS 4804, while potential anmeal logses were Sumd 1o be a5 musch a5 US$ - 1557 per ha
(Table 4).

Organic banana yieldal mean annwal retunms of USS 1040 2843, wnder this high- uncertainty
soeiia i even with 2 higher coelcient of varstion U coiverntiois] baa i (81% veras 53%
lor comventional hanana). s retum was sulstantially oower than that of comven ol banasa
e i prart IJ:-]IiH]bEr costs of establighment and matigeme i, Tt aon e v & by 35%: redisced
productivity (see Talde 1) Here, the worst case losses amounted 1o a5 much as USS -1897.

Lis gereral, the anmeal sconomic returns for 2] of the mon -bana ne options were below US-
$500 ha ™. Anmua ] retums of rice amoun ed to US5 486 £101. An economic advantage of rice
R by our modeling was that, even in the worst case, it 2ill yielded 2 positive annusl rturn
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Tabie 4. Descriptive stafisfios of financial data of land-use options considensd for opfimization

Land-use aption Minimum return Madmum return Mzan return

USs ha” USs ha” Ussha” S0
Conworkonal bamana ~1BET 804 1785 Ere
Cigaris banana -1 ama 1040 LTS
Cocoa -8 473 1% 70
Maza -3 600 247 108
Ficn 170 a3 405 1
Sayoaan E] 213 174 &2
Balza -2 a2 27 a4
Lawral -H ] 154 70

{50: Smndard devaSon)

b1 Vpumal pone 01205 004

—a min imm of USE +170 ha™"—and thus rice may be considered the single option with e
smallest economic risks. Amaong the anmsl crops, maize wasithe coop with the ligest S0 (US$
247 2108 ha ™), while soviean lusd the lowest S0 (USS 174 £52 ha ")

Permanent -i:\{p:—l'ﬂrutﬂ_\.- and coooa—had dissimilar financial Pu‘l’ormanm Faor cocoa
arnd lanzrel, the mes nan meal meterns were similar —US8 160 70 ha ' Balia however, achieved a
mean economic return of 55281 £84ha™" year'. This value was higher than those for anmul
s such a3 .I}ﬂ.ﬂﬂ.n aivd i iee, aind even in terms of A, bala 'Pu‘l-armﬂ“.l-ettu'ﬂunﬂw]at-
ter. Deseriptive statistics and comelation coeflicients between the lnd-use options are summa-
rized in Tables 4 and 5

The distrilastion of the gross reven wes derved from time seres data was brgely not signifi-
cantly diferent I'mmanupm:lﬂl normal distribution I'l;la_ﬂ mﬂipfll‘] Fromm (12 vo 055,
Omly for maiee the sl:LisLic.'p-I'f]. wiag with 0.08 below the required dreshold of 0.10. We may
thus regand the requirement for the analysis ofeconomic portfolios for economic rturns to be
sl ly distributed & more or less falfilled.

Correlation between prices for conventional and organic banana

Plassible informmnation o the cormelation betwes i et mlurg i a preceidition for iy
portfolio- theoretic analysis. The necessary data could be derived from FAQ statisties for most
of the crops considered (Table 5, but it is hard to be obiained in the case of organic banana.
However, some time series have been documen ted on wholesaler prices of organic banana

Table 5. Comelation coeffidents of land-use aptions.

Banana conventional Banana organic Coooa Wi 2 Hioe Soybean Balsa Lawrsd
Conwarfional banana 100
Oganic banana g2 1.0
Cosaa Rilid} -0 1.0
Maiza 006 -0 002 100
FRca g2 Bali<] 0.4 [l <} 1.0
Saybaan 003 -0 036 o asa 1.0
Baisa o4 o Rl 2} [l <} -0 0.0 1.00
Lasral a1 o [ lix] 0. -0 0.0 008 1.00

ok 0.1 37 Ypumal pone 9 2384, 05
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[38, 597 Tt is dse b0 the fact that we found that the volatlity of the eoonomic retum for bana na
is mainly driven by price uncertainty, that the comelation between prices fowr OFgan & 1l -
ventigial banans may be regandad 333 good indicator for the cormlation between economic re-
tums, The analysis of price changes showed that price shifls for oganic banana ane
iisdependent of even dightly pegatively comelsted with price shifls of comvern bl b e,
when prices for conventional banana decline (posesary = -1, 322 Fig 4). However, when prices
for comventional banans increate, alao ihe Prim fosr orga i berian a ghiw & Ler.ulerx.'y ban -
e I'Hmmq =+{1.6). This makes organic bansna an deal complement for the conventional
b s, obitaining stable or even dightly incressing prices, when conventional banana price de-
climes amd when it incresses, respoctively.

Forming land-use portfolios

Lin iwiar peference soemris 1:|'Flr.|.is.' T i wens ol & comsiderad 1:r|:|li|:-r.| I'I:Jg_"!;l While the s ':r:ﬁe
optiomn with de owest risk (sovbean) shows a 5D of £52, a diversified portfoio with 14%
e, 109 mate, 37% .u:-ﬁa-an. 15% halsa, and 23% lurel obixined 3 smaller dskoof £34,
which is the minimum sk achievable for the contidered land- use. However, the ecomomic me-
turm of this portfolio & relatively small (U5$191 ety ). By accepting the same level of risk
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Frapertian inlad-sse parifoin

TREFRRAEIFRGERARERY
Arcephed eronomicrisk [+ 30]

DO8anasa comseriosal @00 BMaze BAke OSoybear MBaka Blave

Fig 5. Structuralcomposifion of various | and-us e portiolios without onganic banana for increasing
levels of a cos pled e conomic risk

ot W Vipumal pone (9 0084 gl6

2 that inherent in soybean (£53) the frmer would be greatly rewarded when forming 2 bnsd-
Ll nr thal i o 2% oodvenlional bamana, 15% matee, 38% rice, 7% balia, and 18% laurel with
an an il expected econtmic return of USE 352 ha™ v Thisis =USS 160 more than achiev-
able 2t the fidk mindmem and the sk to be tolerated is sl not b iﬁ]wr than the Ak of

single soybean,

'J'nleralinﬁ_ more risk results in ]n.iﬁ]l-er expected economic retum in our example, which is
mormal —at ket when starting Froom e portiolico with the minimem of risk Ouwr bind-use
porthalios xre highly diversified for fammers with low sk telerance and contain forestry options
it well, while the propoion of high-retirn convention ] banais increates with incressing risk
talerance (Eig 5). However, rice is abso inchsded over a brge mnge of possible risk toerances o
diversily risks, while only those farmers who wold totally dis rl:ﬁ,ﬂ.l'll risks should work with
oo venlional banana s 2 stand-alon e option.

L terestingly, wlhen considering orgamic banans & an option available & tropical banana
Ermmersin Ecusdor, this option would be indusded in the As-return-eficient portfdios fora
very large range of wlered rids, and this despite its, in this initia] kigh- encertzinty scemario,
dyuite ]a.rr,e own sk asa s rxtﬂe oplion. This means that g i banana increases the expected
econmxmic retum compared 1o portfolios excsding this coop. The mag nitwede of this effect will
e demanstrated later. {'}rﬁ,a.n.icbana i i 1 o prtiaaas Ietwreen 1%, for 2 low olemied
risk of £50, and 32%, br 2 wolersted risk of 650 (68% of the S0 of pure conventiona] banana).
Thee proportion of organic banans ks again to 5% for 2 very high tolersted risk level of £ 900
(Eig. 6a).

As organic hanans holds 2 quite high simulated risk 2 2 single option in the initial senanio,
rce plays 2 major role in the portfdios contai nin31:-rp.niﬁ:bana.m u)]mlsg againsl the wncer-
tairs e i vesved with the organic crop. Embedded in a portfolio with rice and conventiona] ba-
aria, the same eoomomic return a8 with pu.req:-rp.nis:banana (USs 1040 ha™® 5.'1'"'] E e
achieved by a diversified land- wse portfolio, but 21 2 risk of only 369 instesd 843 for pure or-
ganic banana. Here, the portiolio strscture would be 35% comven tional bana na, 19% organic
N i, i 6% rice . This diversi Ged lamnd- wse i ki wald ﬂlm]nuly the great amikated
risks of pure organic banana quite effectively.

Humwever, the nuaMlinﬁ resulis depend sl.n:ntﬂy o the asumplions madea) If the smulsi-
ed very high sk of organic banana was not £843 (coefficient of vadation =80% ), but £506 (co-
efficien t of variation =:50%), the portiolio’s srscune dunﬁ-ml & *ml'ii.a.nl] v. Reduced price
volutility ke organic bansns isnol wnneslistic sceonding to their much lower observed histon -
cal price changes companed o con ventional banana If we leave one outlier aside we find price
changes between- 023 and +0.26 USS per ky for conventional and cha nges between -0.15 amd
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Considering organic banana with high return volatility
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Considering organic banana with low return volatility
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g -

hashigh {a) or low economic risks (bj.

ot 01 Vipumal pone 0 200058, ghié

#0112 USS per kg fororganic banana (Fig. 4). Acknowledging a lower price risk the proportion
of organic banana was grestly increased, up to 57%, while the proportion of foe was reduced
(Eig. 6b).

b) I wee assume an increased coelfcient of correlation between the economic retums of or-
ganic and conventional banana (p_, - of #0.5 or +0.7), then the senstivity ofthe resulis
kergely depends on the mammed price risk of producing orgamic bananss. For the case that the
risk of organic banana isashigh as modelled in our initial scenado, the incressed comrelstion

PLOS ONE | DOE 101 3 jouralpona. 0120384 Maxh 23, 2015 1623

110



Appendix

O PLOS | one

Publication 2

Cogaric Banana as Pas of Land-Usa Postioios

g

g

Eened soonorne reteen fAN kafmarh

"o
o
a 20 o e ] 15
Shrciard dwdstion.
== Pumtbobey P g, Barans vl eg = Prmibolian fighorg, s rolsiiin]
oo R T B DS
& Mamsra mypamr | bigh el | b PBamara regenr ik cla il byl
[ e - WE
o+ Rk L ]
5 bk & LnIE
Fig 7. Max imum expsc sd sconamic return achis vable of diversifisd land-use portfolios forvarious
levelis of potentially acospted amilc risk ¥ d| i of single land-use
apfions.
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woukd reduce the proportion of organic banan o & makimum of only 1% (Poce g o +0.5).
{hﬁan.iclu.mm isthen ruphﬂ.l 1n- rce. However, if a redisced 'Pris:e rsk isconsdersd, which
appesrs 1o be 3 quite realistic asumption, die propertions of organic bansn s remain relatively
stable, even if the correbtion, p_. ..y of the economic retums isquite high (popy .o +#0.5 or
HETL Fﬁreﬂn‘p]e.ﬂ_'wm Pomemmg = +&?.¢rpnis:'|u.nam.| atill hosdd aprq:CrLiﬂn of 8% for a
very high tderted SO of 900

Fin.'l]]'y.ﬂuﬂug]\ irx;]'l.u.l.ingorﬁan.iclumm inmﬂtdr]am]-u.tparu'dhu. [armers iy i
crease their economic retums for 2 birge mnge of tole xted economic risks (Eig, 7). Farmers
n'nydn:jn?%]\jﬂwmmmic return { +US$ 496 ha! yr"':l fromm & anl-mepm'l.l'ﬂ]io |r.u_'|1.||.|.mg
an sssumed high risk organic banana, when tolerating an economic risk of 2700, [l 2 reduced
price skl arganic banana is acknowledged, farmers could even obtain USS 187ha™ y'
e, w]'mnmpﬁnganmﬂnmic Ak of 500 and |rx_'|1.||.|.mgmarpnu.1unm Lia e -
ry, although organic banana appearsles attractive 25 a single option, this option may, when
embeddesd hhm]-upﬂifa]imu)yﬂw wiﬂ'nm}hﬂ'uwpa.irrpmﬂw eciaomie retum of Be-
usdorian banans famms. We have, this, found aep porting evidence throsgh our modelling xp-
prosch for owr hypothesis-H: "The inchsion of organic banans into efficien sconomic ind-
wse pocrifiaios in Beusdor is driven by the unce tainty of their ecosomic retum™

Discussion and Conclusions

Comparing conventional and organic agriculture

Lovteg-term sustainability of agricultuee will handly be a tinable if current, conventiona] inten-
sive practices contimee & be applied. Agriculturl imensification must therefore be coupled
with sustai mln]ehnql-mpni:l.ism in onder to be efficient [25, 60] . Mevertheles, the e conomic
amesmment of such a change towards more sustainsble ways of prsducing fod must receive
mre attentioon, i7we are o better unlu'sl:.ndﬂwdm:i.io-n-nn]dngpmﬂm: ol resoaroe alloca-
i at the famm level s well asat the bindscape and noetiona] levels [22, 23]

We have assessed the effecs on the overall economic returns of 2 farm by considering or-
gt i it dnich ol et Ly opliond ik povtenitial baind -wse practices for future i d-wse portfolies
and found this pespective mone informative tean the existing approsches where conventional
aind it gainde prodisctions systens are seen o being mistually exclisve [13, 45, 46]. L the g
unsder study, intensve and very high vielding agricubiu e (b ) is the busmess g3 wual
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altermative. Duee to high capital requirementsof the busines o woal ba nane option, we do ool
asgume i owr modelling that the banans fammers have limited sccess to capital

The econemic retwrms for both conventions] and organic b nans were impressive and very
high in compario with the other crops. Wunder has alresdy shown that banana schieved by
Gt the highest gross inoomes in Bewsdor, even when compared with oher high profit cnops
such as sugar cane, potatoes, or African palm [61]. Anotherstudy [62] has reported high a nms-
al eoonmomic retum for banana between ~USS 1200 to 2000 per ha for India, but lower anmsal
ecomxmic retum has been documented for bamana in Bang bsdesh ( -US$ 870 per ha). However,
the estimates for economic return of bars nes reported in the litersture ame extremely variable,
with s sl eoonomic retiums wp o ~ USE 3800 per ha, 2 vahee being reporied for Bangladeh
[63], while the maximum inchsded in our Monte Cado simubsticns was USS 4808 per ha for
conventional banana These studies show that the high computed 2 nmsal economic returns for
T e (i averages of USS 1786 per ha for conventional and US$ WO per ha for organic ba-
mvana ) in our stedy mage ina realistic onder of magnitede.

While the forestry options diversified the lind-uie portfolios e fectivel y rather for very cau-
tius, Ask- avoiding farmers, organic (2nd dlw conventional) banana enter the land- use portfo-
licsi ataly, if highoeer miaks are tolerated. Reganding organic baiina, we fouind that degite the
possdbly tos high simulated risk it is well be balanced in land-we portfdios containing rice and
conventional banana, if the correlation between economic returns of erganic and conventional
T i i ot s T,

Mevertheless, the degree of diversification was limited when the combination ofland-use
practices inchaded high -vielding crvps 2 convention] banans. [nour cae, in cuding high-
yiekd banans asa portfolio option certainly lowered the resulting degree of bind-use diversifics-
s, lismi s Whhe poctfolio oftess b odly & few land - wse op o, Bt aill, in every portfdio we
generated {except the madmum sk portfolio), we had at st two crops, with mo single-crop
g ol to be optimal .

Ome potential eriticism to our model could be that only 2 modest ecological benefit can be
expected becawse a high degree of diversification was not achieved—unless we a sumed grest
rigk aversion. Mevertheless, the faet that a land- wse portfoio consists of oaly few options does
nwot mecessarily mean that 2 smdar bondscap e structur wthae observed in monooultues will
be meprodisced. Growiig crops in relitively small compartments i ome way © break up the
landscape and alio o achieve reduced erosion caused by wind and water, while still allowing
for some level of mechanization [25]. Additienally, siruciurl elemenis such ashedgerows
sl b imipl emented on anend 5% of the bind in onder to enhance the strsctural diversity
af the bndseape. However, incuding these areas might represent  red uction in the amount of
lansdl svailable for Borming and thes reslt in an accordan @ reduction in revense. The consider-
able future challenges in ecomomic comparisons ofergamic and conventional agricultue in-
clisde the gissivtiBestion of more syiergies of antagonisig. While we found milser am emgistic
risk interactions of conventionsl and omganic banana farming, also the interaction between
pest manzgement in conventional parcels and the susceptibility for pests in organic parcels
vl dl e Frarther investigated.

Redisctions in economic retums by means of pests might also be the main constraint to the
implemen tation of swestinable sprculiers] practices. We ssumed 3 reduction in productivity
af 35% for arganic companed with conven tional banana, This reduction issimilar o the yield
losses which organic plantations may face compared with conventiona] plantstions, due to in-
Eestation with the Black Sigatoka fungus (Mymsphaerells fifenss) [45]. 56l maore and better
infor e tien can perhaps encourage Brmers to adopt practices leading to envimonmental im-
provements This i particularly trse when ¢ hanges in farming and bood-management practices

intended to enha noe ecosystem services alse benefit Farmers themselves. In sitsations when
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such d‘n.rlgbimp]}- a reduction in Brmers moome, implﬁmﬂﬂ:ﬂ}nunan]yhéxhihéd
throwgh enforce d regubstions or when some form of compensation i provided [ 18],

Attractiveness of diversification and possible impacts of option values
Diversification is an acknowledged simiegy for coping with rsks; however, if farmers have ac-
cest o other mea s of hedging riske, the effects might be undermined [24]. Based on the prin-
ciple of Ask-return reciprocity, the planting of high-vield crops comresponds 1o higher risk [54],
2 confrmed by owr study. Wealthy fammers, comsequently, not only hold portfodios which ne-
quire higher levels of investment, they ame abio disposed o receive higher average profits per
wiil il wealth despite their grester exposure bo risk [65). As farmens beoome wealthier they
may tend tobe les averse to risk and alio tend to be les interested in any Boem ofrisk-reducing
intervention [23]. Although our resulis have shown thet some divesification is highly mean-
ing ful, even for kess risk-avenie frmens, mone intentsive diversfication is probably mone impor-
tant for poarer G rmers [65]. Poorer farmers are both more exposed to and more averse to risk,
and they wssallylack srategies i hedge agains rigks [16]. Ultimately, wealthier frmers can af-
krrd better tech nologies and infrastructune and have better sccess to information [23].

Oive cain alio specilate st how oftiodns inlerent in 2 lexible conversion drategy oould
alter the stnsctural composition of the land-we portfaios obtained. For exmple, farmers
could speculsie for the eptimal timing for conversion o erganic banana, when paricelady
high prices are to be expecied for thiscrop. A similar question has been investigated ke the
Beld of forest science, where Enoke and Wurm have sdopted the Monte Cado simulbstion tech-
migyuse Lo test the comsequences of 2 lesible timing of tmber harvest aginet 3 maore oonmse fva-
tive strategy with pre-defined harvest times [ 3], The fexible harvest strategy allowed timber
}nn-bﬁrlgarl}y.wm: Iselnre defined redervatiodn prk:éwnéuﬂdédhy:h‘nd:iﬂdﬁn{lﬁ'
price scenariod. This strategy led 1o higher average timber prices, bt alse to vaniable sdditional
omts for holding timber capital on the forest land by postponin g the harvest tmes. While the
average net present value could be enhanced by the fexibility strategy, its S0 showed the ten-
dency to increate, too. Although the vadation of fe timber prices achieved was reduced
throiegh the exilality steategy, the then varmble harvesting tines ineressed tse vanabiity of
the simulsted met present values, [na mixed forest the fexible harvest strategy, s, led 1o an
increase of the proportiens of the les rdey (bt also less profitable) timber species. This under-
limes: the importance of the econamic uncertainty of the single bnd-use options for the compo-
sition of land- wse portfdios. If we, for example, could increase the economic return for organic
s by antilizrinng Oesible mans gement options and would incress the scomomic uncert inty
at the same time, 3 reduced propartion of organic bamana in the bnd-use portfiolios could be
e it

Are organic farming and forestry appealing to relatively wealthy farmers?

The alemative we exphored was the introduction of crganic fanming on part of the famms, 23 2
sirategy to enhan ce ecosysiem services provision while also reducin g healih hazands caused by
the application of agmchemicals and reduce the dependency of farmers (o rsing prices of fossil
fsels [15]. Producing organic crops provides an opportunity for farmers in developing coun-
tries o participate in new markets [16]. Nevertheles, 2 shifi towards organic production i
tricky, and also quite risky, due to the changes and wscertainties which oocur diring the tramsi-
i, Yiehd dechine may be an important obatacle for frmers who are uied to produciig ligh-
viehfing ¢ rops like banana. However, forsuch 2 situstion our study proved great sdvantages of
embedding the organic banam parcelsina more diversified porifolio egether with other bind-
wie practices. The effect of tansition on & mer's reven ues can be better mansged, provided
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thet the trend of the price premdwm for organic products remaing stable and the market isstill
growing without strong integration between the marke & fororganic and conventional prod-
wcts [ 18], However, the certification proces should be adapted to the conversion towards or-
pnkpnmlm:uon}y on Puruol'ﬂw farms, which is nmmpﬂ]by all certification bodies [15].
Thuss, incressed fexibility during the certification process and permanent support i essen tial
o enuble Brmers o move Fom comventional Lo erganic farming [53].

Mm'irxgnawwﬂw I-ar\ul.ry#pl.iﬂn.\ W Wi .ﬂ.l.rpri.!:u] it inﬂwpﬂrﬁﬂhak‘u]m] for
very risk-avere farme s, the option sincluding trees acoounted forabout 40%. Even tough
i}rﬂLry 1% & mon- traditional bnd wse inihe ares wher this ruﬂ.rd'itﬂ-ﬂep]m. it Jeas greal po-
tential a5 a complement Lo g nculiure, especially when implemented wsing shon- mtation spe-
cies. Alrestation i.'|'|:|u|‘|.ii.1.|hr:|'5.I valsable when used to restone abandoned farmbs nds [66].
Reducing the life span of foretry options may have 3 remendows impact on Grmers’ invest-
me it decisions, because one of the primary obstacles 1o investing in forestry @ the long-term
inatisre of ol fomstey projects, which makes Garmers relise bt Lo invest in plantations [42].
Species such asbals, which & able to deliver returns after only five vears, might completely
du.ngeﬂwpﬂ'wPLhn ofinvesors This facior is q:-m:ia]]y impm‘l:.ni i ﬂwuwpiq wihbe pe e
back of financial incen tives for investing in redry activities sets the scene. We believe that the
Pﬂ'h:nt':l] of fomestry could be incressed even more il'mmpun.iﬁ]by Apprprizle mesaires.

Policies to encourage adoption of sound practices

As 3 final podnt, we ingit that implementa tion of swstsinsble practices in agricullure will enly
be possible if scoompanied by appropriste scientific advice, policies a nd supported by fair mar-
dests [5]. Farmers will sl sutomaticall y shift to Uhis type of agrculiure, & U ecomomis re b
from conventiona] agnculure are still higher. Up to now, incentives to foster sustainshle bnd-
e praclices am insulBeient bo indoce socially desired levels d'adD-'PLiﬂnn [1].

The mle of governments and development sgencies in the coming years is that of support-
ireg, farmers in imple menting sustsinshle, possibly organic practices by mesns of technology
transfer and capacity -bilding. We muest keep in mind Gt applyving soend praclices reguines
time and expertise, amd farmens need training [15]. Ln addition , gove mmen ts should contem-
'Phwpo]is:iﬂ that will facilitate this tramsition by e s af fnancial incemtives, tas reductions
and aceess 1o certification bodies that help regulate organic a griculture and swustainshle forestry
[15]. F':ru]]y.ﬂ'wen ﬂutﬂw&v&rpmmimdq:rp]k:ﬁono-rmﬂ\nﬂoﬁﬂ for sustainable farm-
ineg is expengive [4], 2 strong public mle will contine o be necessiry & support megesrch and
diffisi on of kisowledge among farmers, especially poorer ones [67-69].

Supporting Information

51 Dataset. Foonomic coefficients and results of Mo nte- Carlo simulations
(XLSX)
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Abstract

Bio-economic modelling has become a useful tool for anticipating the outcomes of policies and
technologies before its implementation. Recent advances in mathematical programming have made
it possible to build more comprehensive models. Throughout an overview of bio-economic models
applied to land-use problems, we evaluated how aspects such as uncertainty, multiple objective
functions, system dynamics and time have been incorporated into models. The analysis has shown
that none of the models have incorporated all of the aspects at the same time. Uncertainty was
occasionally considered in land-use models. In those cases where it is incorporated, stochastic
approaches were more frequent than non-stochastic robust methods. In multiple-objective models
integration of uncertainty was often missing. Static approaches continue to be more recurrent than
truly dynamic models, especially for models addressing multiple objectives. Application of systems
dynamics has increased, with more emphasis on the relation between inputs and crop yield than on
inter-species interactions and land degradation. Even though integrating multiple aspects may
enhance our understanding of a system; it involves a tradeoff between simplicity and accuracy.
Complex models have the disadvantages of being specific, expensive and time demanding. We
consider that simpler models, even of static nature, which produce plausible results are a feasible
alternative for modelling land-use issues. However, it is recommendable to integrate uncertainty and
multiple objectives, which is possible even with limited information based on modern techniques.
Additionally, periodic updates can improve their overall performance when new information is
available.

Keywords: optimization, uncertainty, system dynamics, time, objective functions
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1. Introduction

Bio-economics integrates two disciplines, economics and biology (Landa and Ghiselin 1999, Kragt
2012). Integrating both components together requires the collaboration of multiple disciplines to
address the dynamic interrelationships between ecological and socio-economic systems (Flichman
and Allen 2015). In practice, there exists a large variation in bio-economic models, forming a
continuum between biological process models to which an economic component has been added,
and economic models which include some biophysical components (Brown 2000).

Different approaches are described in the literature to guide resource allocation and decision
making (e.g. Eastman et al. 1998, Lambin et al. 2000). Bio-economic models can be developed
following positive or normative approaches depending on the goal pursued by the researcher
(Janssen and van lttersum 2007). Positive approaches for instance describe what is observed; they
model the actual behavior of decision makers and predict what will happen in the future based on
this knowledge (Louhichi et al. 1999). Normative approaches instead, suggest the best scenario to
achieve a pre-defined aim in the most efficient way when new factors have been added to an
existing formula (e.g. new policies, techniques or resources) (De Wit 1992).

Bio-economic models can be built from empirical observations (econometric model) or can be
developed from theory (mechanistic model) (Brown 2000, Janssen and van lIttersum 2007).
Mechanistic models are suitable for extrapolations and long-term predictions, because they may
simulate system behavior outside the range of observed data. The advantage of mechanistic
models compared to empirical models is that they produce optimized solutions based on objective
functions (Pandey and Hardaker 1995).

Mechanistic bio-economic models have long been applied in the fields of fisheries, forestry and
agriculture to support decision making (for fisheries see: Knowler 2002, Homans and Wilen 2005,
Anderson and Seijo 2009; for forestry see: Vanclay 1994, Touza et al. 2008, Knoke and Seifert
2008; for agriculture see: Flichman et al. 2011, Radulescu et al. 2014). Several authors coincide
that optimal equilibrium levels may only be accomplished if production functions and ecological
interactions are properly addressed (Grigalunas et al. 2001, Larkin et al. 2011, Kragt 2012).
Nevertheless, methodological shortcomings have sometimes prevented an appropriate
consideration of sustainability issues. Brown (2000) and Kragt (2012) suggest applying integrated
bio-economic modelling, a comprehensive approach which enables the inclusion of a series of
interactions occurring in economic systems and the environment in a more proficient way. Inclusion
of aspects such as a suitable objective function, uncertainty, system dynamics and time is at the
core of this approach (Fig 1).

Bio-economic models applied to land use have been evaluated by Janssen and van Ittersum (2007)
as well as Delmotte et al. (2013). However, we consider that some important aspects have not been
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fully addressed in these reviews, such as: a) the suitability of a specific programming technique
according to the objective functions; b) the consideration of uncertainty in multiple-objective
modelling, and c) the use of non-stochastic optimization instead of probabilistic approaches. Thus,
our research aims to address these gaps and to analyze the application of bio-economic models for
land use problems.

We have organized our research according to the following scheme. Section 2, describes the key
factors suggested in literature to achieve integrated bio-economic modelling. Section 3 describes
acknowledged mathematical programming techniques for optimization, and briefly explains the
suitability of each approach according to the goal pursued by the researcher. Section 4 includes a
review of 30 studies addressing land-use problems where bio-economic modelling was applied. The
list of studies was used to identify strengths and shortcomings in existing models by analyzing
whether or not uncertainty, time scale and systems dynamics were included and which type of
objective function was used in each study. Based on the preceding information, we draw
conclusions and recommendations in section 5.

Bio-economic modelling

— T 1
Objective . Systems Time
function Uncertainty L dynamics dynamics
| |

I 1
. . . Non- .
Single Multiple Stochastic . : Static
objective ‘ objective programming ri)tofe?rzsm“icn Ecological optimization
Linear Goal Probabilistic Robust Physical Dynamic
programming programming optimization optimization Y optimization

Nonlinear
programming

Fig. 1 Description of components of integrated bio-economic modelling
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2. Fundamental aspects of an integrative approach
2.1. Objective functions

As a general rule, any bio-economic model derived for optimization must have the following three
basic elements: i) an objective function, which represents the economic rationale of the decision
process; i) a description of the possible range of activities within the system with coefficients
representing their productive responses; and iii) a set of constraints that define the operational
conditions and the limits of the activities (Herrero et al. 1999, Ten Berge et al. 2000, Delmotte et al.
2013).

Basic models usually consider one objective function, for example profit maximization (Kragt 2012).
However evidence suggests that few individuals maximize financial gain alone (Dent et al. 1995,
Falconer and Hodge 2000). A more comprehensive way to analyze land owners” decision should
consider multiple objectives instead of a single one. It is important to recognize that there may be a
number of objectives among which trade-offs arise.

Brown (2000) indicates that the identification and specification of decision makers” objectives is one
of the factors for significant improvement of bio-economic models. Thus, significant efforts need to
be made to understand decision-makers’ objectives and to incorporate them into the modelling
framework.

2.2. Integration of uncertainty

In order to consider the variability of natural indicators and other risks factors, mechanistic models
should include uncertainty analysis (Finger et al. 2010). For this purposes, the terms uncertainty and
risk can often be used interchangeably, as suggested by Hirshleifer and Riley (2002) and Levy
(2006). In fact, uncertainty is one of the most important aspects that a model aimed to predict future
events should address (Radulescu et al 2014). In the literature, two methods for including
uncertainty are described: i) stochastic programming and ii) non-stochastic programming (Birge and
Louveaux 1997, Beyer and Sendhoff 2007, Bertsimas et al. 2011). Stochastic programming is a
framework for modelling optimization problems that involve uncertainty represented by probability
functions for parameters of real systems. Non-stochastic programming is of deterministic nature
instead (Knoke et al. 2015). Parameter variation is achieved using uncertainty sets, which pre-define
possible parameter ranges over which optimization is carried out, resulting in robust solutions.

Stochastic programming is usually applied for problems dealing with random uncertainties (Beyer
and Sendhoff 2007). The decision alternatives addressed by the objective function can be either
discrete or continuous; being fundamental to distinguish between optimization methods (Estrella et
al. 2014). The optimization routines to solve these decision problems can also be either discrete
(integer programming) or continuous (model fitting, adaptive control, signal processing, and
experimental design) (Birge and Louveaux 1997, Gentle et al. 2004). Discrete optimization, for
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example integer programming, is a large subject with applications on resource allocation, and policy
planning (Gentle et al. 2004).

Approaches for modelling decision making within a probabilistic framework are stochastic
dominance, downside risk and mean-variance (Benitez et al. 2006, Hildebrandt and Knoke 2011).
Stochastic dominance considers the entire probability distribution of outcomes (Hadar and Russell
1969). Downside risk defines risk as expected outcomes below a certain minimum. So, risk
measures are based on negative deviations4. Mean-variance decision rules depend on only two
moments of the probability distribution. The mean-variance approach is limited to only those cases
when the underlying probability distribution is a normal distribution (Hildebrandt and Knoke 2011).
Other decision models such as the Maximin, Maximax, Hurwicz, Laplace, Savage-Niehans- and
Krelle-rule ignore probabilities and assume that the decision maker knows the possible outcomes
(Hildebrandt and Knoke 2011).

The second approach under analysis is a variant of robust optimization, which is a reasonable
alternative when the parameter uncertainty is non-stochastic or if no distributional information is
available (Bertsimas et al. 2011). Robust optimization constructs solutions that are deterministically
immune to realizations of the uncertain parameters in specific sets (Bertsimas et al. 2011). In
contrast to stochastic optimization, robust optimization gives all considered data perturbations an
equal weight and does not assign various probabilities to specific events (Ben-Tal et al. 2009,
Bertsimas et al. 2011). Even though robust optimization does not require a normal return
distribution, this method needs at least some specification of possible input data variations (see
Knoke et al. 2015). Thus, robust optimization has the advantage of being less data demanding
because assumptions about variation need not to be as detailed as under stochastic optimization.
Despite this advantage, robust non-stochastic optimization has rarely been applied in bio-economic
modelling.

It is relevant to mention that robust optimization is distinctly different from sensitivity analysis (Ben-
Tal and Nemirovski 2000). In robust optimization, fluctuating parameters within the prescribed
uncertainty set are part of the optimization routine. Sensitivity analysis is a post optimization tool to
test how results would change if assumptions on the data set on which the model was built were to
change (Bertsimas et al. 2011, Yu and Li 2012).

2.3. Integration of time dynamics

In an integrated modelling context, the time-scale over which choices are made is of considerable
importance. Throughout the literature it is possible to identify two methods to specify the time issue,

4 Skewness measures the asymmetry of the probability density function around the mean. An increase in skewness to
the right of the distribution implies a reduction in downside risk exposure. Greater negative skewness generates greater
exposure to downside risk and higher positive skewness indicates less exposure to downside risk (Hildebrandt and
Knoke 2011).
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either static or dynamic. Static models have the ability to show what happens over time, but time
itself is not embodied in the model (Bertsimas et al. 2011); therefore during the optimization process
all decisions are implemented considering a single period. This feature of static models makes them
restrictive and conservative, as these type of models neglect the variation of objectives over time,
which impedes to adjust the decision making process (Delmotte et al. 2013).

Dynamic models incorporate time into their structure to consider decision variables as functions of
time (Blanco Fonseca and Flichman 2002). In an economic sense “dynamic” means that decisions
in one period grow out of developments in a previous period. Agents make decisions being aware
that one period later more knowledge would be available. Depending upon the new knowledge,
decision makers revise decisions for the next period (Samuelson 1969). For another example of a
dynamic relation, refer to Schumpeter (1954), who stated: “... the quantity of a commodity that is
offered at a point of time (1) is considered as dependent upon the price that prevailed at the point of
time (t-1) ...” (Schumpeter 1954, p. 1143). Unless we consider these relationships between
variables from period to period, we cannot talk about a real dynamic approach.

Dynamic programming is applied to situations where a time horizon and the feedback mechanisms
are integrated to the model (Kall and Wallace 2003, Bertsimas et al. 2011). Dynamic models are
designed in sequential stages; they can be classified in recursive, dynamic recursive and inter-
temporal models (Janssen and van Ittersum 2007). Recursive models are run over several periods;
the starting values for each period are the end values of the last period. While recursive models
optimize for each period separately, dynamic recursive models optimize over the whole period.
Inter-temporal models optimize an objective function over the whole time period, however at every
point in time a decision can be made considering trade-offs that may arise (Hartl et al. 2013).

If a sequential decision process excludes seasonal variability and tactical responses it can provide
incorrect estimates of the economic benefits of a technology involved in complex biological and
dynamic systems, thus, any plan needs to be adjusted over time (Marshall et al. 1997, Behrendt et
al. 2016). As a consequence decision makers can decide which option is more beneficial in specific
periods, and how the whole project would develop over the years. The possibility of analyzing the
effect of different mechanisms before, during and after their implementation makes dynamic
modelling being a great tool for supporting decision making.

2.4. Integration of system dynamics

Another key issue in bio-economic modelling is to capture the interactions and feedbacks that occur
among ecological processes, human decisions and the range of decision options available (Brown
2000, Heerink et al. 2001). The dynamic relationship between natural resources and optimal
investment
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decisions can often be non-linear, characterized by either multiple dynamic equilibria or extended
periods of disequilibrium (Stephens et al. 2012). Conventional methods do not permit capturing non-
linear dynamic relationships and to model the linkages and feedbacks between components of the
systems. System dynamics is a process-based modelling technique that builds upon an observed
reference problem which considers a limited numbers of outcomes each generated by an underlying
structure of stock variables, flow variables and feedback loops (Ford 1999,Van den Belt 2004).
These models are systems of nonlinear differential equations solved by numerical integration, which
allow the introduction of different economic and biophysical shocks to examine a range of
outcomes, which would be difficult to include in a multi-stage optimization model (Stephens et al.
2012).

Incorporating system dynamics into modelling has become very useful to analyze the complex
interactions between ecosystem performance and human behavior. By analyzing the links and
feedbacks of human intervention on natural landscapes, it is possible to assess the tradeoffs among
economic and ecological goals and give them the right weight to guide decision making in a more
efficient way. Nevertheless, it is important to mention that according to Clark (2006) complex models
which include interactions between species might not always provide results that are more plausible
than those achieved by simple models. Larkin et al. (2011) highlight that results achieved using
dynamic models in fisheries were as plausible as those achieved with basic static single-species
models. Thus integration of system dynamics might not necessarily improve the overall performance
of a model, this aspect explains somehow why static and single species models are often favored
over them.

3. Optimization techniques applied to bio-economic models

Optimization is at the core of most modelling of decision-making. Optimization routines can be
adapted depending on the type of objective function selected, the uncertainty approach (stochastic
or non-stochastic optimization), the treatment of time (static or dynamic), and the goals considered
(single or multiple-objective programming). In this section we present an overview of optimization
techniques applied for bio-economic modelling.

3.1. Linear programming

Mathematical programming offers several optimization techniques, among which linear
programming is the most commonly used. Linear programming represents each possible option as a
linear combination of activities characterized by a set of coefficients with corresponding inputs and
outputs that express the activity’s contribution to the realization of defined goals. As inputs are
limited resources, constraints to the activities are defined, which represent the minimum or
maximum amount of a certain inputs or resources that can be used. This system of activities and
constraints is then optimized for some objective function, reflecting a user-specified goal, for
example profit (Ten Berge et al. 2000, Janssen and van Ittersum 2007).
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Linear programming is quite versatile; it is equally applied for stochastic optimization problems, as
long as the model setup contains no nonlinearities, but also for robust optimization. An optimization
is usually achieved by allocating scarce resources (e.g. land or money) to pre-defined activities,
which could be land-use options. The resources to be allocated are called decision variables and
the distribution of them to land-use options usually forms the decision problem for the optimization
model.

A standard mathematical formulation of a linear programming model is:

n
max (or min) Z = Z CiX;
i=1

(ajix; < bj)j=1,..m;i=1,.n
X >0

Where Z is the objective function: a linear function of the n production activities, where x stands for
the quantity of a scarce resource allocated (decision variable) to a specific activity ¢, for example
land, and their respective standardized (to a unit of x) contributions (c - coefficients) to the
objective; ax < b represents the m linear constraints (Janssen and van Ittersum 2007).

3.2. Nonlinear programming

Linear programming assumptions lead to appropriate representations over the range of the decision
variable for linear relations. For some problems, however, nonlinearities in the form of either
nonlinear-objective functions or nonlinear constraints demand a nonlinear programming solution
(Bradley et al. 1977). In these cases the definition of activities must be such that all nonlinearities
are embedded in the values of the input-output coefficients (Ten Berge et al. 2000).

Applications of nonlinear programming in bio-economic modelling refer, inter alia, to the portfolio
theoretic framework (e.g. Clasen et al. 2011, Castro et al. 2013, 2015, Hartl et al. 2013) and have
also been used for instance to maximize the return of land-use portfolios for pre-defined accepted
levels of risk. In such applications the investor prefers to maximize his/her expected economic return
and at the same time limit his/her financial risk as far as possible. As both of these objectives cannot
be achieved simultaneously using linear programming, nonlinear programming offers a feasible
solution by combining expected return and risk in an objective function.

Nonlinear programming models can be expressed by a variety of mathematical formulations, one
exemplary formulation of a nonlinear programming model in the context of land-use decision making
is:
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max (or min) Z = Z cix; + n(x;, cov,)
i=1

Herein, n(xi,covc) represents a nonlinear function, in this example, nonlinear portfolio risks are
considered, formed by the decision variables xi and all covariances covc, between income of the
land-use activities considered.

The risk associated with a particular portfolio, that is, a particular set of values xi such that
n
-
i=1
is given by the variance of its return, .2, where

n
Z COV;jX;X;

j=1

M:

1l
Juy

i

in which xi is the proportion of land devoted to land-use option i, and cowv;; is the covariance
between the returns on the ith and jth land-use option.

3.3. Multiple-objective programming

Solving a single-objective problem is the most classical optimization method. However, considering
a single-objective function prevents a comprehensive understanding of actual problems (Caramia
and Dell'Olmo 2008). Multi-objective optimization is a useful tool to integrate more information and
to

include goals beyond profit maximization. The simplest way to handle multiple goals is to select one
that would be maximized (or minimized) in the model and specify the remaining goals as inequality
constraints (Hazell and Norton 1986). A limitation of this approach is that the goals included in the
constraint set must be rigidly enforced; if they cannot be met then the problem would be unfeasible.

An alternative approach, known as goal programming (Charnes et al. 1955, Charnes 1977),
establishes a target for each goal but rather than forcing compliance seeks to minimize the
deviations between the achievement of the goals and their target levels (Hazell and Norton 1986).
Goal programming is classified into two major subsets according to Tamiz et al. (1998). The first
type is known as weighted goal programming, where the unwanted deviations are assigned weights
according to their relative importance to the decision maker. The algebraic formulation of weighted
goal programming is given as follows:
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n
min Z = Z(uini + v;p;)
i=1

s.t. fi(xi) +n; +p; = bix; € Cq

where fi(xi) are linear functions of the decision variables xi and bi the target value for that functions.
ni and pi represent the negative and positive deviations from this target value. ui and vi are the
respective positive weights attached to these deviations in the achievement function Z. These
weights take the value zero if the minimization of the corresponding deviational variable is
unimportant to the decision makers. Cs is an optional set of hard constraints as found in linear
programming.

The second type is known as lexicographical goal programming (ljiri 1965, Ignizio 1976), where the
deviation variables are assigned into a number of priority levels and minimized in a lexicographic
sense as a sequential minimization of each priority while maintaining the minimal values reached by
all higher priority level minimizations.

The algebraic representation of lexicographical goal programming is given as:

Lex mina = (gl(n' p); gZ(n' p)' "'gL(n' p))
s.t. fl(xl)+nl+pl =bi, i=1..n

This model has L priority levels g, and n objectives, a is an ordered vector of these L priority levels.
ni and pi are deviational variables which represent the under and over achievement of the ith goal,
respectively. xi is the set of decision variables to be determined. Any linear programming style hard
constraints are placed, by convention, in the first priority level. A standard "g' (within priority level)
function is given by

gl(nr p) =upng + -+ UgNg + Vp1Pr + -+ VinDn

where ul and vl represent inter-priority level weights, as in weighted goal programming, a zero
weight is given to any deviational variable whose minimization is unimportant.

Other techniques rooted in Multiple Criteria Decision Making such as compromise programming and
reference point methods, aiming to minimize the distance between a certain point and the actual
achievements for each of several objectives under consideration can be re-formulated as goal
programming problems. This condition makes goal programming one of the most versatile
techniques for multiple-objective modelling (Romero et al. 1998).
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4. Review of bio-economic models applied to land-use problems

In this section, we present a review of 30 studies where bio-economic models have been applied to
assist land-use decision-making. We conduct an extensive literature search in ISI Web of
Knowledge, Scopus and Google Scholar. Considering as relevant for our analysis, we selected only
the bio-economic models which followed a mechanistic and normative approach in the field of
agriculture and forestry applied at the farm or forest level, with only few examples at the regional or
landscape level (Koschke et al. 2012, Estrella et al. 2014, Kolinjivadi et al. 2015, Knoke et al. 2016).
We then organize the models by considering the following important aspects for analysis:
uncertainty, the type of objective function, the optimization routine (e.g. linear, nonlinear, multiple
objective programming) time dynamics, and the type of system dynamics interactions (Table 1).
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Table 1. Overview of bio-economic models applied to land use

Study Uncertainty Type of objective Optimization routine Time dynamics System dynamics
approach function
Barbier and Bergeron (1999) Not applied Maximize revenues Linear programming Dynamic Soil erosion, nutrient depletion, water
sedimentation
Pacini et al. (2004) Not applied Maximize revenues Linear programming Static Nitrogen and soil losses, pesticide use,
herbaceous plant biodiversity
Pfister et al (2005) Not applied Growth function Dynamic programming Dynamic Crop mixing, fertilizer use, labor, climate
scenarios
Acs et al. (2007) Not applied Maximize revenues Dynamic linear programming Dynamic Nutrient loss, pesticide use, organic matter
input, crop planning
Schonhart et al. (2016) Not applied Maximize revenues Mixed integer Static Climate, crop productivity, crop prices
del Prado et al. (2011) Not applied Multiple objective SIMS Dairy Static Climate and soil losses of nitrogen,
phosphorus and carbon
Koschke et al. (2012) Not applied Multiple objective Multiple criteria aggregation/ No details Ecosystem services provision
Analytical Hierarchy Process/
GISCAME
Estrella et al. (2014) Not applied Multiple objective Multiple Criteria Decision Model/  No details Land use types, Ecosystem services
Iterative Ideal Point provision
Thresholding/Compromise
Programming
Eyvindson and Kangas (2014)  Not applied Multiple objective Multiple Criteria Decision Model/ ~ No details Forest management planning, preferences of

Compromise Programming

stakeholders
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Study Uncertainty Type of objective Optimization routine Time dynamics System dynamics
approach function
Paracchini et al. (2015) Not applied Multiple objective SOSTARE model No details Agronomic and ecological aspects
Cortez-Arriola et al. (2016) Not applied Multiple objective Pareto-based multi-objective Static Socio-economic, environmental and
optimization production (agriculture and livestock)
Townsend et al. (2016) Not applied Multiple objective / MEETA (Managing Energy and  Static Profit, energy, and greenhouse gas
Emissions Trade-Offs in emission
Agriculture)
Kolinjivadi et al. (2015) Discrete Multiple objective Discrete multi-criteria approach No details PES with varying emphasis on conditionality,
optimization NAIADE (Novel Approach to efficiency, equity and poverty alleviation
Imprecise Assessment and
Decision Environments)
Holden et al. (2004) Stochastic Maximize welfare Non-linear programming Dynamic Soil erosion and nutrient depletion
optimization
Semaan et al. (2007) Stochastic Maximize Agronomic Simulation Model Dynamic Crop growth, soil water balance, erosion,
optimization revenues/Minimize risk EPIC/ Multi-objective pesticide and nutrients movement
programming
Acs et al. (2009) Stochastic Maximize revenues Discrete stochastic utility- Dynamic Nutrient surplus, organic matter input and
optimization efficient programming (DUEP) pesticides use
Clasen et al. (2011) Stochastic Maximize Non-linear programming Static Natural hazard risks, timber price fluctuations
optimization revenues/Minimize risk
Doole et al. (2013) Stochastic Maximize revenues Non-linear programming/Integer  Static Nitrogen input, energy demand per cow,
optimization programming
Hartl et al. (2013) Stochastic robust Maximize YAFO model/ AIMMS model/ Dynamic Tree drop-outs as function of leading tree

optimization

revenues/Minimize risk

Nonlinear programming

species, mixture conditions, and stand age
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Study Uncertainty Type of objective Optimization routine Time dynamics System dynamics
approach function

Griess and Knoke (2013) Stochastic Maximize Static Nonlinear programming Static Survival probability of tree species, returns
optimization revenues/Minimize risk

Radulescu et al. (2014) Stochastic Multi-objective Mixed-integer programming No details Weather and market risks
optimization

Kanellopoulos et al. (2014) Stochastic Maximize revenues Data Envelopment Analysis/ Static Effects of climate change temperature rise,
optimization Linear programming FSSIM change of air circulation, precipitation

change, CO2 concentration

Komarek et al. (2015) Stochastic Certainty equivalent Simulation Model APSIM Dynamic Climate and price variability

optimization (Keating et al., 2003), SERF
(Hardaker et al., 2004),

Castro et al. (2015) Stochastic Maximize revenues/Risk non-linear programming Static Productivity of crops and price volatility
optimization reduction

Alary et al (2016) Stochastic Maximize revenues Mathematical programming No details Agronomic coefficients, livestock income,
optimization (Target (General Algebraic Modelling yield, price
MOTAD) System, GAMS)

Behrendt et al. (2016) Stochastic Maximize revenues Stochastic programming Dynamic Climate risk, technology, composition of
optimization pasture

Liu et al. (2016) Stochastic Maximize revenues/Risk mixed integer nonlinear Dynamic Yield subject to management (liming,
optimization reduction programming fertilizing)

Hildebrandt and Knoke (2009)  Robust stochastic Maximize revenues/ Worst-case optimization No details Natural hazards and price volatility
optimization Minimize risk

Knoke et al. (2015) Stochastic Maximize revenues/ Risk non-linear and linear Static Productivity of crops and price volatility
optimization/Robust  reduction programming
optimization

Knoke et al. (2016) Robust optimization ~ Multiple objective Goal programming (Compromise  Static Carbon stocks, climatic and hydrological

programming)

regulation, soil properties, economic return,
payback periods
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41.  Approaches to deal with uncertainty

Throughout our search, we observed that uncertainty was a topic occasionally addressed in bio-
economic models applied to land use (see Table 1). According to our list, fifteen studies applied the
stochastic approach to integrate uncertainty into their models. This approach was applied mainly to
a single objective function e.g. maximize revenue (Acs et al 2009, Doole et al. 2013, Kanellopoulos
et al. 2014, Alary et al. 2016, Behrendt et al. 2016) and to portfolio studies to maximize revenues
subject to risk reduction in fields such as forestry (Clasen et al. 2011, Hartl et al. 2013, Griess and
Knoke 2013) and agriculture (Semaan et al. 2007, Castro et al. 2015, Knoke et al. 2015). Only one
application of stochastic programming addressed multiple objectives (Radulescu et al. 2014), while
the work developed by Komarek et al. (2015) aimed to optimize certainty equivalent of farmers.

Applications of robust optimization were less frequent despite the advantage of demanding less
information. Hildebrandt and Knoke et al. (2009) applied robust stochastic optimization to maximize
revenues subject to risk reduction applying worst case optimization. Knoke et al. (2015) applied both
non-stochastic robust optimization and stochastic optimization to assess their suitability to address
farming issues. Their study demonstrated that robust optimization is a suitable approach when
information on input parameters is limited. Their results showed that land-use portfolios derived
following robust optimization led to a higher degree of diversification than those obtained by
stochastic optimization. Concerning the economic outcome the returns were only slightly lower in
robust non-stochastic portfolios but offered a higher protection against shortfall. The only study
addressing robust optimization and multiple objective functions was Knoke et al. (2016).

We noticed that uncertainty was often neglected in multiple-objective models (del Prado et al. 2011,
Koschke et al. 2012, Estrella et al. 2014, Paracchini et al. 2015, Cortez-Arriola et al. 2016).
Disregarding uncertainty reduces the range of scenarios that decision makers may consider at the
moment of allocating resources. This shortcoming prevents the development of strategies to cope
with worst case scenarios, impede response and adaptability to problems which could be
anticipated. Thus, we consider that uncertainty should be included in bio-economic modelling to
help land-users to make better decisions, and methodologies are available to facilitate its inclusion.

4.2.  Time dynamics

The importance of time and its effects on decision making and resource allocation is being
acknowledged by researchers. The improvements of dynamic modelling have made it possible to
increase the number of studies modelling time dynamically. It has been applied to single objective
models solved with dynamic linear programming (Pfister et al. 2005, Acs et al. 2007), dynamic non-
linear programming (Holden et al. 2004, Hartl et al. 2013), mixed integer non-linear programming
(Liu et al. 2016) and discrete stochastic programming (Acs et a.. 2009). Other applications of
dynamic modelling including other methodologies were Barbier and Bergeron (1999) Komarek et al.
(2015) and Behrendt et al. (2016).
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Interestingly, we found that dynamic modelling applied to land-use topics has rarely been applied in
combination with multiple-objective modelling (Semaan et al. 2009). We found that most multiple-

objective models analyzed throughout this research applied static approaches (del Prado et al.
2011, Cortez-Arriola et al. 2016, Townsend et al. 2016, Knoke et al. 2016). Additionally, static
models were applied for single-objective modelling (Pacini et al. 2004, Doole et al. 2013,
Kanellopoulos et al. 2014) and for portfolio applications (Clasen et al. 2011, Castro et al. 2015)

Based on this review, we consider that static models continue to be a good option to model land-use
problems despite the disadvantage of modelling with fixed coefficients over time. An alternative for
enhancing the results of static approaches is to update the results when new information is
available.

4.3.  System dynamics

The advances in the field of system dynamics supported the inclusion of a series of interactions in
land-use systems. Studies such as Pacini et al. (2004), Acs et al. (2007), Acs et al. (2009) and
Paracchini et al. (2015) have addressed the relation between inputs and crop yields in detail. These
models have analyzed the trade-offs of improved technological management in agriculture and the
response of farming systems in terms of yields.

The impact of nutrient flow, climate change, water availability and soil management and farm
profitability has also been analyzed in bio-economic modelling (del Prado et al. 2011, Kanellopoulos
et al. 2014). were analyzed Pfister et al. (2005) and Semaan et al. (2007) studied biotic relations -
mainly competition for nutrients- using crop growth models while Ghebremichael et al. (2013) and
Doole et al. (2003) applied animal growth models. Examples in forestry and agroforestry where
models have accounted for interactions in mixed species stands (Knoke and Seifert 2008, Griess et
al. 2012, Neuner et al. 2015). These studies have highlighted the benefits for reduction of risk
against natural hazards and improved growth rates.

Few models have incorporated land degradation. Barbier and Bergeon (1999) included soil erosion
equations, and interactions among livestock, crops and forest. Holden et al. (2004) assessed the
impact of improved access to non-farm income on household welfare, agricultural production,
conservation investments and soil erosion. Other interesting topics included the effects of policies
on nitrate leaching and farmers” income (Barbier and Bergeron 1999, Semaan et al 2007, Doole et
al. 2015) willingness to accept payments for ecosystem services (Kolinjivadi et al. 2015) measures
to mitigate and adapt to climate change at the farm level (Schonhart et al. 2016).

The application of system analysis and dynamics has made it possible to include a larger number of
variables and to simulate feedbacks of processes occurring in nature, which helps to explain
interrelations in land use systems. A disadvantage of including a large number of variables and
processes in a model
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is that the results turns out to be very specific, limiting transferability to other contexts (Behrendt et
al. 2016). In addition, this branch of modelling may be quite costly and time demanding, limiting the
number of possible applications.

4.4.  Single objective versus multiple-objective models

Multiple-objective models are increasingly applied in topics related to land-use planning. Studies
which consider multiple-objective functions are Paracchini et al. (2015), Radulescu et al. (2014),
Eyvindson and Kangas (2014), Estrella et al. (2014) and Koschke et al. (2012), Knoke et al (2016)
and Cortez-Arriola et al. (2016). Nevertheless, a sound integration of uncertainty in multiple
objective models is still required. Knoke et al. (2016) is one of the few examples in which a model
considering multiple objectives has included uncertainty applying robust methods. We expect that
future applications of such approaches will increase due to the development of enhanced
optimization techniques and the relevance of considering more comprehensive approaches to
support decision making.

5. Conclusions

In general, we can conclude that bio-economic modelling applied to land use has experienced great
progress in the last years due to accessibility to improved programming techniques, which have
made it possible to create more comprehensive models that embrace complex interactions and
feedbacks. Nevertheless, from a theoretical and mathematical perspective researchers should be
cautious when incorporating complex interactions and feedbacks, because the resulting complexity
might lead to black boxes. As a trade-off between simplicity and accuracy is unavoidable,
researchers must be wise enough to select the information that helps to understand the specific
phenomena and to identify feasible solutions. At the light of this research, simpler models even of
static nature show interesting results; up to now, they are more frequently applied than complex
models to analyze landowners” preferences and predict scenarios concerning land-use topics.
Nevertheless, we consider that a sound integration of uncertainty and multiple objectives could
significantly improve the performance of land-use models and produce more plausible solutions than
those models considering a single objective function.
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