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RESUMEN

El esfuerzo de manejo y conservacién de especies de vida silvestre en México requiere la
consideracidn conjunta de las dimensiones humana y ecoldgica. Particularmente, el manejo
del borrego cimarrdén (Ovis canadensis) en el pais se basa en un instrumento de politica
ambiental denominada “Unidad de Manejo para la Conservacidon de la Vida Silvestre
(UMA)” que permite un aprovechamiento sostenible en territorios especificos. En este
estudio se considera el término de territorio como un espacio geografico con una identidad
especial (Medeiros, 2016) en donde se expresa el resultado de las interacciones historicas
entre las fuerzas socioecondmicas que gobiernan el acceso a los recursos naturales (Burgos
& Velazquez, 2019). En el estado de Baja California Sur (BCS) la politica de conservacion
del borrego cimarrdn opera desde 1998 en ejidos. Bajo el esquema UMA, los ejidatarios
pueden recaudar ingresos de las actividades de caza deportiva y reinvertirlos en la
conservacion del habitat y el desarrollo de infraestructura. Esta investigacion desarrolld
dos modelos numéricos: a) un modelo dindmico exploratorio que se utilizé para identificar
los umbrales por debajo de los cuales el borrego cimarrdn puede ser explotado de manera
sostenible bajo la politica UMA existente y analizar su resiliencia a largo plazo. El modelo
b) un modelo de aptitud del habitat' que integra una informacion de distribucion potencial
georreferenciada a este andlisis. Se emplearon estas dos herramientas de modelado
numérico para evaluar el efecto potencial del cambio climatico regional (cambios de
precipitacion y temperatura) en la aptitud del hébitat de las poblaciones del borrego
cimarrdn, lo cual permite respaldar estrategias de gestion resilientes al dirigir la atencidon
hacia poligonos que pueden ser adecuados para la implementacion de las estrategias de
gestion en condiciones bioclimaticas futuras. El presente andlisis explora la interaccion de
la incertidumbre del cambio climatico en el contexto de este sistema socio-ecoldgico. Los
datos de presencia de la especie se obtuvieron de los censos aéreos de poblacion en BCS
(Lee, 2016). Los datos econdmicos se obtuvieron de entrevistas y encuestas a los actores
sociales en el ejido Alfredo V. Bonfil, BCS. Los resultados indican que las variaciones de
temperatura y precipitacién con respecto al registro historico pueden ejercer una presion
importante tanto para la especie como en las actividades econdmicas que dependen de ella.
El presente andlisis sugiere que la actualizacidn del instrumento de politica debe integrar
estrategias adaptativas de gestion dadas las inminentes condiciones climaticas hacia futuro.
Estas estrategias, podrian aumentar la resiliencia de este sistema socio-ecologico.
Finalmente se considera que este andlisis se puede ampliar considerando multiples
especies, explorando estrategias que empleen una variedad amplia de opciones de politicas
ambientales, es posible también aprovechar el potencial de aprendizaje a través de la
exploracion con diferentes parametros en los modelos, los cual facilita el andlisis riguroso
de los objetivos con los que las partes interesadas en de gestion de la vida silvestre pueden
necesitar comprometerse ante el cambio climatico.

1 Aptitud del habitat: traduccion del concepto en inglés “habitat suitability”



ABSTRACT

The management and conservation effort of wildlife species in Mexico requires the joint
consideration of the human and ecological dimensions. The bighorn sheep (Ovis
canadensis) management in the country is based on an environmental policy called
“Management Unit for the Wildlife Conservation (UMA)” which allows sustainable
management in specific territories. In the state of Baja California Sur (BCS) the bighorn
sheep policy conservation has been operating since 1998 in ejidos (i.e., land tenure). Under
the UMA scheme, people in the ejido can collect revenues from sport hunting activities
and reinvest these on habitat conservation and infrastructure development. This research
developed two numerical models: a) an exploratory dynamic model which was used to
identify the thresholds under which the bighorn sheep can be managed sustainably under
the existing UMA policy and assesses its long-term resilience and model b) a habitat
suitability model that integrates a geo-referencing potential distribution information to this
analysis. These two numerical modeling tools were used to assess the potential effect of
regional climate change (changes in precipitation and temperature) on the habitat suitability
of bighorn sheep populations, thereby supporting resilient management strategies by
targeting polygons. that may be suitable for the implementation of management strategies
in future bioclimatic conditions. The analysis explores the interaction of climate change
uncertainty in the context of this socio-ecological system. The data on the presence of the
species were obtained from aerial population censuses in BCS (Lee, 2016). The economic
data was obtained from interviews and surveys of social actors in the ejido Alfredo V.
Bonfil, BCS. The results indicate that variations in temperature and precipitation with
respect to the historical record can exert significant pressure both on the species and on the
economic activities that depend on it. This analysis suggests that updating the policy
instrument should integrate adaptive management strategies given the imminent climatic
conditions in the future. These strategies could increase the resilience of this socio-
ecological system. Finally, it is considered that this analysis can be extended considering
multiple species, exploring strategies that employ a wide variety of environmental policy
options, it is also possible to take advantage of the learning potential through the
exploration with different parameters in the models, which facilitate the Rigorous analysis
of the goals that wildlife management stakeholders may need to commit to in the face of
climate change.



I. INTRODUCCION

1.1. La gestion de sistemas de aprovechamiento de recursos naturales en el contexto de
la sostenibilidad

La solucion de los desafios contemporaneos de sostenibilidad requiere la consideracion de
sistemas acoplados, de marcos de analisis a largo plazo, de objetivos multiples y de una
profunda incertidumbre (Hull et al., 2015; Liu et al., 2013). Por ejemplo, la gestion
sostenible de los ecosistemas, la planificaciéon en torno a los recursos naturales y la
adaptacion y mitigacion del cambio climatico requieren la consideracion conjunta de los
sistemas naturales y humanos. Estos sistemas estan altamente conectados, ya que los
cambios en el comportamiento humano y la configuracion del entorno natural o ecoldgico
a menudo inducen cambios en las instituciones e incentivos humanos (Guerry et al., 2015).
Por el contrario, el cambio de las preferencias humanas, la tecnologia y las instituciones
define significativamente las trayectorias de desarrollo de los sistemas de gestion y
aprovechamiento de recursos naturales (Ostrom, 2005). A menudo, si estas interacciones
no se monitorean y regulan, uno o ambos sistemas dejan de funcionar de manera sostenible
(Hull et al., 2015; Ostrom, 2009). Por ejemplo, en el contexto del cambio climatico global
acelerado, las emisiones antropogénicas aumentan la concentracidon creciente de gases de
efecto invernadero (GEI) en la atmdsfera, lo cual desencadena desequilibrios climaticos
(por ejemplo, cambios en los patrones de precipitacion, temperaturas mas altas) que pueden
inducir dafios irreversibles en los ecosistemas -por ejemplo, pérdida de biodiversidad-
(Balint et al., 2011; Pires et al., 2018) y en la economia -por ejemplo, mayor desigualdad-

(Koberle et al., 2021).

En los ultimos afios, el cambio climatico ha constituido un gran desafio para la formulacion
de politicas publicas, debido a la necesidad de una accion urgente (Parker et al., 2020) que
tenga como objetivo abordar tanto sus causas como su impacto en los distintos niveles,

desde el global al local (D’Almeida Martins & da Costa Ferreira, 2011).

La Tierra se ha calentado 1.09 C desde la época preindustrial y muchos cambios, como el
aumento del nivel del mar y el derretimiento de los glaciares, son ahora practicamente

irreversibles. Dado que ya no es posible escapar del cambio climatico causado por los
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humanos, las acciones de politica con énfasis en abordar el impacto y, por lo tanto, las
estrategias de adaptacidon son necesarias para impulsar la resiliencia de sistemas socio-

ecologicos (SSEs) vulnerables (IPCC, 2021b).

Uno de los enfoques que se ha planteado para atender soluciones de largo plazo es el
manejo adaptativo (Murray & Marmorek, 2003; Owen, 2020; Perry et al., 2020), el cual
hace énfasis en el impacto del cambio climatico como una fuente importante de
incertidumbre para la gestion de los sistemas de aprovechamiento y conservacion a escala
global. Ademas, se enfoca en la gestion de la resiliencia como elemento central en el
proceso de gestion adaptativa. Recientemente, la adaptacion basada en ecosistemas (AbE)
la cual involucra a personas que utilizan la biodiversidad y los servicios de los ecosistemas
para adaptarse a los efectos adversos del cambio climatico y promover el desarrollo
sostenible. Es también una estrategia para adaptarse al cambio climético que aprovecha las
soluciones y los servicios de los ecosistemas basados en la naturaleza. Por ejemplo, la
proteccion de habitats costeros como los manglares proporciona defensas naturales contra
inundaciones; la reforestacion puede frenar la desertificacion y recargar el suministro de
agua subterranea en tiempos de sequia; y los cuerpos de agua como rios y lagos
proporcionan drenaje natural para reducir las inundaciones; la reintroduccidon y
translocacion de fauna silvestre supone una estrategia para la conservacion de la

biodiversidad (Helena, 2020; Langridge et al., 2020a, 2021; Ramos et al., 2018).

Sin embargo, la implementacion y andlisis de politicas en el contexto de la sostenibilidad
es un desafio. Primero, las esferas (o subsistemas) humana y natural son sistemas
complejos: las dependencias de la trayectoria en ambas requieren la consideracion de
amplios marcos de tiempo, y sus interacciones no lineales inducen un comportamiento
dindmico que es dificil de anticipar y caracterizar. En segundo lugar, la profunda
incertidumbre afecta a ambas esferas, ya que los expertos y los actores locales a menudo
discrepan sobre la representacion causal de estos sistemas, el valor de los pardmetros clave
para el andlisis y la relevancia de las diferentes métricas para describir la sostenibilidad
(Lempert et al., 2003; Marchau et al., 2019). En este sentido, el uso de métodos de analisis

computacionales ha generado una ventana de oportunidad para generar instrumentos de



analisis exploratorio para incrementar las capacidades de gestion de sistemas acoplados o

SSEs.

1.2. Instrumento de politica para el aprovechamiento sostenible de flora y fauna en
Meéxico: El caso del borrego cimarron (Ovis canadensis)

El aprovechamiento sostenible de flora y fauna silvestre estd determinado por la relacion
entre componentes socioeconémicos y ecoldgicos que conforman un socio-ecosistema. En
Meéxico, existen esfuerzos importantes por impulsar un uso sostenible de las especies de
flora y fauna silvestres (Carabias et al., 2010), principalmente porque se considera una
estrategia de diversificacion productiva de los hogares rurales (Avila-Foucat & Pérez-
Campuzano, 2015) y a que estas especies ocupan un lugar muy importante en la economia
de estos hogares (Lopez-Feldman & Wilen, 2008). En el norte del pais se encuentra la
ganaderia diversificada que nace en la década de los 60’s. Se denomina ganaderia
diversificada, a la rama de la ganaderia, que ademas de estar orientada a la produccion de
ganado, se ha diversificado al aprovechamiento sostenible de fauna silvestre,
principalmente a través de la prestacion de servicios de caza deportiva (Villarreal, 2012).
En el estado de Baja California Sur, el aprovechamiento del borrego cimarrén es de gran
importancia tanto ecoldgica como econdmica para los ejidos. Con esta actividad econdmica

se genera un vinculo de codependencia entre los ejidatarios y la especie aprovechada.

La caceria deportiva del borrego cimarrédn en México se desarrolla bajo un instrumento de
politica para la conservacion y manejo de especies de flora y fauna denominado Unidades
para la Conservacion, Manejo y Uso Sostenible de la Vida Silvestre (UMAs). Este esquema
tiene una extension mayor que las areas naturales protegidas (Avila-Foucat & Pérez-
Campuzano, 2015) y su objetivo es generar ingresos para los administradores de las tierras
comunitarias, ejidales y privadas derivados de la conservacion de especies y su habitat. Por
consiguiente, el aprovechamiento del borrego cimarrdn estd determinado por la relacion

entre componentes socioecondmicos y ecologicos que conforman un socio-ecosistema.

El SSE en estudio se ha visto afectado por el cambio climatico. A nivel mundial, en los
ultimos cien aflos, los seres humanos nos hemos convertido en una fuerza dominante de

cambio en el planeta por lo cual va en incremento el consenso en el ambito cientifico de
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que hemos entrado en una época geoldgica denominada “Antropoceno” (Steffen et al.,
2011). El cambio climatico es una de las consecuencias del impacto. Este fenomeno de
implicaciones inciertas incide en los ecosistemas y de manera particular a la poblacion de
borrego cimarrdn, lo cual genera desbalances en la relacidon sociedad-naturaleza. El estado
de Baja California Sur ha presentado largos periodos de sequia. El periodo mas largo ha
sido de tres afios continuos de sequia (2009-2011) el cual fue catalogado por la Comisioén
Nacional del Agua como la peor sequia en 70 afios. Este periodo llevé al estado a tomar
decisiones importantes como la de sacar al ganado de las zonas de agostadero donde la
sequia tiene un mayor impacto en esta actividad econémica. En el atlas del agua en México
2012 se reportd que en el 2011 los efectos de la sequia fueron clasificados como moderado
severo y extremo en el estado de Baja California Sur, Baja California Norte, Sinaloa y
Sonora (Conagua, 2012). En el caso del borrego cimarron, al ser una especie en vida libre
dentro del territorio, la toma de decisiones en cuanto al manejo y aprovechamiento de la
especie ante eventos climaticos de esta naturaleza se vuelve compleja debido al grado de
incertidumbre que existe sobre la trayectoria del evento climatico y sus implicaciones
ecoldgicas en el largo plazo. Existen diversos estudios que analizan el impacto del cambio
climatico en el borrego cimarron y los desafios para su manejo en vida silvestre, tanto en
la movilizacion de sus poblaciones (Gedir et al., 2020) como en la inversion en la
implementacion de estrategias para garantizar fuentes de disponibilidad de agua ya sean

naturales o artificiales (Whiting et al., 2012).

La estrategia de aprovechamiento actual del borrego cimarrén en México no considera el
posible impacto del cambio climatico. Para los ejidatarios, la conservacion y
aprovechamiento sostenible de la especie frente al cambio climatico puede ser un esfuerzo
complejo. Conforme las condiciones ambientales cambian, el paisaje en el que la especie
interactiia en el presente puede ser diferente de los que podrian estar disponibles en el
futuro. Hay varias formas en que el cambio climatico estd comenzando a afectar las
especies silvestres. El aumento de temperatura y los cambios en los patrones histdricos de
precipitacion pueden afectar directamente a las especies dependiendo de su fisiologia y
tolerancia a los cambios ambientales. El cambio climatico también puede alterar el
suministro de alimentos de una especie o su tiempo de reproduccion, lo que afecta
indirectamente en su prevalencia. De tal forma que, los patrones climaticos futuros
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probablemente tendran un fuerte impacto en las distribuciones geograficas de las especies
(Garcia et al., 2016). Por lo tanto, preservar los ecosistemas y las especies en sus
ubicaciones actuales puede ser cada vez mas dificil porque el cambio climatico se esta
convirtiendo en el mayor desafio para la conservacion en el futuro (Garcia et al., 2016).
Por lo tanto, explorar estos efectos es un paso importante en el desarrollo de estrategias de

manejo que pueden ayudar a las especies a sobrevivir al clima cambiante.

1.3. Los sistemas socio-ecologicos como sistemas complejos

Dado que los SSEs se encuentran en constante cambio, a menudo de maneras
completamente novedosas, se requiere de estrategias de andlisis y gestion que sean robustas
ante la influencia de estresores sobre la dindmica de los sistemas. Ademas, se requiere de
la exploracion sobre como estos podrian cambiar en el futuro (Biggs et al., 2015; Levin et
al., 2013). Para abordar estos objetivos es indispensable la implementacion de marcos
tedricos que promuevan una vision sistémica y la coevolucion de disciplinas para generar
nuevos métodos para comprender mejor los SSEs e informar politicas y practicas de
manejo (Bammer, 2005; Cilliers et al., 2013). Existe una gran diversidad de marcos para
el analisis de los SSEs debido principalmente a la necesidad de conceptos que permitan
estructurar el razonamiento interdisciplinario sobre problemas complejos en estos sistemas
(Binder et al., 2013). Un marco tedrico que aborda los desafios sociales y ecoldgicos de
manera integrada o entrelazada es la teoria de sistemas complejos (Cilliers et al., 2013).
Los SSEs se definen como sistemas adaptativos complejos (SACs) (Cumming et al.,
2005; Holling, 2001; Walker & Salt, 2012); en los que distintos componentes culturales,
politicos, sociales, econdmicos, ecoldgicos, tecnoldgicos, entre otros, estan
interactuando(Resilience Alliance, 2015). Los sistemas también se pueden conectar o
anidar con otros a través de relaciones jerarquicas a diferentes escalas (Levin, 1998). Estas
interacciones entre sistemas permiten a los SACs auto organizarse y producir patrones de

comportamiento adaptativos, dindmicos y emergentes (Folke, 2006).

Conceptos dentro de la literatura de los SACs como umbrales, puntos de inflexién, cambios
de régimen(Folke et al., 2011; Hughes et al., 2013; Scheffer & Carpenter, 2003; Westley

et al., 2011), bucles de retroalimentacién y las no linealidades(Biggs et al., 2012;



Gunderson & Holling, 2002; Walker et al., 2006) se utilizan ampliamente para identificar
y explicar la naturaleza compleja y los patrones del comportamiento de SSEs. Algunos
otros conceptos o atributos relacionados con SSEs son, resiliencia, adaptabilidad,
transformabilidad y gestion. Estos se basan en las caracteristicas y dinamicas que definen
las trayectorias futuras de un SSE (Folke et al., 2004, 2016; Levin et al., 2013; Walker &
Salt, 2006)han dado forma a los métodos en el campo de la investigacion en SSEs.
Particularmente, informan de manera sustancial el enfoque de resiliencia en SSEs (Folke
et al.,, 2016), ampliamente utilizado para comprender como se dirige el cambio, la
adaptacion y la transformacidn en estos sistemas. Este enfoque se ha convertido en un
importante campo de investigacion para comprender las relaciones y retroalimentaciones
que dan forma a la dindmica y las caracteristicas de los SSEs (Carpenter et al., 2005;

Fischer et al., 2015) frente a estresores.

Este trabajo de investigacion analiza la resiliencia especifica del sistema de
aprovechamiento del borrego cimarrén en Baja California Sur frente a los cambios en las
condiciones climaticas en la region. El concepto de resiliencia que adoptamos en este
trabajo es la capacidad de un sistema para adaptarse y/o transformarse ante una
perturbacidn y seguir funcionando de forma similar (Walker et al., 2004). Esta capacidad
esta estrechamente relacionada con la capacidad adaptativa y la disponibilidad. La
capacidad adaptativa se entiende como la capacidad para reorganizarse y reconfigurarse
segun sea necesario para hacer frente a las perturbaciones sin perder la capacidad funcional
y la identidad del sistema. Se refiere a la presencia de una variedad de opciones de
respuesta, asi como a la capacidad de aprender, colaborar, adaptarse y crear nuevas
estrategias para garantizar la funcionalidad. La disponibilidad se refiere a qué tan rapido
puede responder un sistema frente a las condiciones cambiantes. Este atributo
generalmente se ve afectado por las barreras fisicas, organizativas, sociales, psicoldgicas u

otras, internas o externas, que pueden impedir la respuesta oportuna.

El enfoque de resiliencia implica dos aspectos; resiliencia especifica como la resiliencia
de una parte especifica de un sistema, relacionada con una variable de control particular a
uno o mas tipos de estresores identificados (Folke et al., 2010). Esta resiliencia "de qué y
a qué", exige identificar umbrales particulares en el sistema, mas alld de los cuales
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comienza a funcionar de una manera diferente, impactando en la funcionalidad del sistema
(S. Carpenter et al., 2001). Por otro lado, la resiliencia general es la resiliencia del sistema
en su conjunto a todo tipo de perturbaciones (Folke et al., 2010). Abordar la resiliencia
general en un sistema implica centrarse en condiciones del sistema, como la diversidad, la
modularidad, la apertura, las reservas, retroalimentaciones, la anidacién, el monitoreo, el
liderazgo y la confianza (Carpenter et al., 2012). Asi mismo en términos de gestion de
resiliencia, (Biggs et al., 2015) proponen principios para construir resiliencia en SSEs ante
el cambio: 1) mantener la diversidad y la redundancia; 2) gestionar la conectividad; 3)
gestionar variables lentas y retroalimentaciones; 4) pensamiento adaptativo; 5) fomentar el

aprendizaje; 6) ampliar la participacion; y 7) promover la gobernanza policéntrica.

En las ultimas décadas se han incrementado los estudios utilizando el enfoque de resiliencia
en SSEs, lo cual ha enriquecido el entendimiento empirico de los mismo (Schliiter et al.,
2019), sin embargo, existen algunos temas que falta desarrollar, tales como la exploracién
de las implicaciones de politicas en lugares particulares (Wiek et al., 2011); prestar mayor
atencion y explorar los umbrales socio-ecoldgicos los cuales generalmente se identifican
cuando el sistema ya ha cruzado un umbral y colapsa s (Cumming & Peterson, 2017)
(Cumming, 2011). Particularmente con el objetivo de explorar y explicar fendémenos socio-
ecoldgicos como una forma de potenciar los objetivos de la sostenibilidad y sus esfuerzos

orientados a las respuestas sociales en la solucidon de problemas socio-ecoldgicos.

1.4. Métodos numéricos para el andlisis de los sistemas complejos

La implementacidon de modelos numéricos ha figurado como una estrategia metodologica
que se considera importante para abordar SACs. Estos modelos se consideran "laboratorios
virtuales" que facilitan la experimentacién computacional de un SSE en situaciones donde
no es posible realizar en campo experimentos de politicas (Seppelt et al., 2009). Se centran
en algunos aspectos, a menudo hipotéticos, de una situacién problematica compleja como
primer paso para mejorar la comprension del comportamiento de un sistema. Son
particularmente utiles en situaciones en las que el conocimiento de los parametros es
limitado o cuando la disponibilidad de datos en el tiempo también es limitada. De tal forma

que ayudan en la exploracion de estrategias en términos de politica o para desarrollar



prototipos de modelos que generan hipoétesis, las cuales pueden ser probadas en modelos
estructuralmente mas elaborados (Miiller et al., 2013). Ademas, estos modelos también
pueden servir como herramientas para la comunicacion e integracion de diferentes bases
conceptuales y perspectivas, y como base para el desarrollo de estrategias de gestion (Daw

et al., 2015).

Una forma de modelacion ampliamente utilizada es la dindmica de sistemas (DS) (Ding &
Nunes, 2014). En general este tipo de modelacion se basa en representar el comportamiento
macro del sistema a diferencia de otros como la modelacién de agentes que se enfocan en
la dindmica a nivel micro de los agentes que toman decisiones en el sistema (Ding et al.,
2018). La DS se enfoca en la representacion de las estructuras de retroalimentacion y la no
linealidad (Forrester, 1994)con el objetivo de visualizar, analizar y entender
retroalimentaciones dindmicas complejas. Emplea herramientas para desarrollar diagramas
tales como los diagramas causales y los de flujo, los cuales capturan la estructura de un
sistema complejo y muestran como el sistema se encuentra dindmicamente influenciado
por las interacciones de todas las variables (Abbot & Hadzikadi¢, 2016). Como una forma
de incorporar realismo a la interaccion del componente climatico en el SSE, se propuso la
incorporacion de un modelo de nicho ecoldgico, el cual explora los efectos del cambio
climatico en la poblacién de borrego cimarrén en Baja California Sur. Por su parte el

modelo dindmico incorpora las interacciones con el componente socioeconomico del SSE.

Aunque tradicionalmente en la DS durante el proceso de la construccion del
modelo/diagrama mental no se consulta con los agentes del sistema, este estudio si emplea
informacion derivada de entrevistas semiestructuradas y encuestas a los ejidatarios que
manejan el recurso y a expertos en el area del aprovechamiento de borrego cimarrén en
Meéxico y en USA. Esto con el objetivo de mejorar el entendimiento sistémico y la
percepcidn de la problematica de acuerdo a estos agentes, de tal forma que fuera posible
identificar las disyuntivas en términos de manejo sostenible, ademas de facilitar la
exploracion de probables consecuencias socio-ecoldgicas asociadas al actual esquema de
aprovechamiento del borrego cimarrén y también incentivar la coproduccion de un modelo
que defina el problema prioritario de acuerdo a la diversidad de visiones de los agentes en
el SSE.
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1.5. Preguntas de investigacion

Los sistemas de aprovechamiento son SSEs complejos que enfrentan incertidumbre. Dado
que la toma de decisiones para la gestion de estos sistemas es indispensable, es importante
identificar las fuentes de incertidumbre para orientar la toma de decisiones hacia la
sostenibilidad ecoldgica y socioeconémica de estos sistemas. Dada la incertidumbre
asociada al cambio climatico, el presente estudio se planted las siguientes preguntas de

investigacion:

e /Cudles son los componentes y relaciones que definen al sistema de
aprovechamiento del borrego cimarrén en México?

e /Cudles son los umbrales (socioeconémico y ecoldgico) del sistema de
aprovechamiento del borrego cimarron dentro de los cuales se debe gestionar la
resiliencia socio-ecologica en el contexto del cambio climatico?

e ;Cual es la aptitud del habitat del borrego cimarréon en México, en la cual es posible

llevar a cabo su aprovechamiento frente al cambio climatico?

1.6. Objetivos

El objetivo que se planted el presente estudio fue el de ayudar a informar sobre las
implicaciones socio-ecologicas del cambio climatico en la sostenibilidad y la resiliencia
del sistema de aprovechamiento del borrego cimarrén en México. Para alcanzar este
objetivo, el andlisis se enfocd en un caso de estudio, el de la UMA ejido Alfredo Vladimir
Bonfil en el estado de Baja California Sur. Para ello se plantearon los siguientes objetivos

particulares:

e Desarrollar un diagrama causal del sistema de aprovechamiento del borrego
cimarrén:
o Identificar variables (componentes) socioecondomicos y ecologicos del
sistema

o Identificar relaciones de retroalimentacion entre variables
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e Desarrollar un modelo de simulacion dindmico para identificar los umbrales
socioecondmicos y ecoldgicos del SSE frente al cambio climatico:
o Formalizar el problema de gestion del SSE frente al cambio climatico:
Identificacion de variables en un diagrama causal y un diagrama de flujo
o Operacionalizar el SSE: Identificar y/o estimar parametros de las variables
del SSE)
o Implementacién del modelo del SSE en una plataforma analitica:
Desarrollar un modelo computacional
o Identificar desafios y oportunidades para mejorar la actual politica de
aprovechamiento del borrego cimarrdn.
e Desarrollar un modelo de aptitud del hébitat del borrego cimarrén en México:
o Identificar desafios y oportunidades del cambio climatico para la

conservacion y aprovechamiento de la especie en México.

Este trabajo de investigacion emplea un enfoque de resiliencia especifica en SSEs para
abordar un problema o estresor (Biggs et al., 2012; Folke et al., 2010), utilizando como
método de modelacion el enfoque de DS, el cual se complementd con la modelacion de
nicho ecoldgico para alcanzar un mejor entendimiento del problema (cambio climético) en

la gestion del sistema de aprovechamiento del borrego cimarron en México.

El capitulo 1 desarrolla conceptos tedérico-metodoldgicos que dan sustento a los capitulos
2 y 3 desarrollados en formato de articulos. Este primer capitulo también hace mencién a
la importancia de incluir la perspectiva de andlisis de politica para analizar desafios y
oportunidades para alcanzar la sostenibilidad de SSEs y gestionar la resiliencia a través de
politicas adaptativas. El capitulo 2 es el articulo de requisito publicado en una revista
indizada. Este articulo emplea un caso de estudio para el desarrollo de un modelo de
simulacion computacional como herramienta de andlisis para explorar desafios y
oportunidades de la politica actual en el aprovechamiento del borrego cimarrén y para
identificar los umbrales de la resiliencia del SSE. Este caso de estudio permitié explorar
cuantitativamente coémo la implementacion de estrategias de manejo/politicas adaptativas
permiten gestionar la resiliencia del SSEs para la sostenibilidad frente al cambio climatico.

El capitulo 3 se trata del articulo (version borrador final) que hace un anélisis sobre la
12



aptitud del habitat del borrego cimarrén en México frente al cambio climético y permite
identificar posibles desafios para la conservacion y aprovechamiento de la especie en

México.

La importancia de este estudio radica en abordar el concepto de interdependencia como un
componente central en un marco de toma de decisiones que informa sobre las
intervenciones de gestion con un enfoque de sostenibilidad. Asi mismo, se basa en el
enfoque de resiliencia especifica para incidir en la planificacidon del aprovechamiento del
borrego cimarrén, centrandose en mejorar nuestra comprension sobre la dindmica socio-
ecologica y sobre la identificacion de aspectos criticos o umbrales para mantener el

aprovechamiento sostenible de la especie.
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II. CAPITULO 1

Desafios y oportunidades para la sostenibilidad de SSEs frente al cambio climatico:
Politicas, Resiliencia y Adaptabilidad

En el discurso publico, se ha generado una mayor toma de conciencia por parte de la
sociedad sobre la importancia de alcanzar el desarrollo sostenible, lo que ha dado lugar a
un notable incremento de las presiones a favor de la puesta en marcha de acciones
conducentes al logro de dicho objetivo. Los pilares de este discurso (Informe Brundtland,
1987; PNUMA, 1991) lo ven materializado en la cumbre de Rio, 1992 (surge la agenda
21) la cual supuso un punto de inflexion en la actuacion de los gobiernos en materia de
proteccion y conservacion del sistema natural. A partir de ese momento, el desarrollo
sostenible comienza a considerarse un objetivo prioritario a alcanzar por las politicas tanto
anivel nacional como internacional (Costa, 2000). Se hace énfasis en que, para hacer frente
a los desafios del desarrollo sostenible frente al cambio climatico, el interés publico a través
de las politicas debe poner en marcha estrategias adaptativas enfocadas en la sostenibilidad
de los sistemas socio-ecologicos (SSEs), las cuales se ajusten con el tiempo a la luz de
nueva informacion (IPCC, 2021a), esto como una forma de atender la incertidumbre
asociada a las formas en que el cambio climatico pueda desplegarse a escala regional o
local. Este desarrolla un conjunto de conceptos tedrico-metodoldgicos, los cuales son el

antecedente de los capitulos 2 y 3 desarrollados en formato de articulo cientifico.

1.1 Perspectiva de politica en la sostenibilidad de los SSEs

A medida que los responsables de la formulacion de politicas y los cientificos naturales se
ven presionados por abordar cuestiones de sostenibilidad, se reconoce la necesidad de la
colaboracion de cientificos sociales, naturales y responsables de la formulacion de politicas
para tener un impacto sélido y eficaz, en particular para influir en las politicas (Oliver &
Cairney, 2019). El marco del “anélisis de politicas” es un enfoque para comprender y guiar

la eleccidn de politicas y estrategias para ponerlas en practica (Mayer et al., 2004).
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Desde la perspectiva de analisis de politica, diversos instrumentos analiticos se pueden
adoptar (Meltzer & Schwartz, 2019). Las fases del analisis de politica (definicion del
problema, disefio de la politica, implementacion de la politica, monitoreo y evaluacion) son
un elemento valioso para investigar la congruencia de las politicas sobre los objetivos
socio-ecologicos. En términos generales, quienes formulan las politicas tendrian que
definir su agenda incluyendo a las implicaciones socio-ecoldgicas. De esta forma, la toma
de decisiones estaria siendo informada con evaluaciones sobre el estado de los socio-
ecosistemas. Al mismo tiempo, las retroalimentaciones de la politica tomarian en cuenta
consecuencias positivas y negativas para los mismos socio-ecosistemas. Los elementos
distintivos del marco de andlisis de politicas es que se enfocan en los siguientes

compromisos analiticos:

e QOrientacion a problemas

El punto de partida del analisis es abordar un problema de importancia normativa. Para
mejorar la sostenibilidad, este se considera un punto de partida obligado (OECD, 2010).
La definicién del problema es un ejercicio, es una combinacién de establecer qué valores
estan en juego y trazar diagnosticos potenciales de las raices del problema. Por lo tanto, la
definicidon del problema es tanto un esfuerzo normativo como analitico. La amplitud y
profundidad de la definicion del problema indican si se ha realizado un esfuerzo serio. El
analista debe ser consciente de que cada situacion tiene valores en juego y debe aclarar los

valores de los distintos actores, asi como los propios del investigador.

Las dimensiones de los requisitos de la sostenibilidad son: mantener cierto grado de
funcionamiento del ecosistema, incidir en el comportamiento humano y encontrar
adaptaciones a las tendencias biofisicas (Galvani et al., 2016; Milner-Gulland, 2012).
Juzgar qué aspectos del funcionamiento de los ecosistemas son relevantes inevitablemente
requiere un analisis de los valores que se deben otorgar. La necesidad de capturar valores
relevantes se refleja en el surgimiento del concepto de “triple resultado” donde, la
productividad econdmica, la proteccion ambiental y la integridad sociocultural son igual

de importantes (Garcia et al., 2016; Kengar et al., 2021).
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De esta manera, una definicion de problema deficiente o incompleta puede conducir
facilmente a politicas que, al perseguir un conjunto de objetivos, pueden poner en peligro
otros objetivos que son importantes para la sostenibilidad. Por lo tanto, las definiciones de
problemas deben ser integradoras. La perspectiva de analisis de politica puede ayudar a
orientar esta sucesion. El mapeo de valores y perspectivas aporta elementos importantes

sobre como profundizar en la definicion del problema.

e  Mapeo de valores

La definicién convencional del “problema que enfrenta la sostenibilidad” es el
comportamiento econdmico irresponsable de personas que no aprecian o no se preocupan
por la conservacidén y las consecuencias ambientales de sus acciones. A menudo, la
compensacion entre las demandas econdmicas y las preocupaciones ambientales se
materializa en una suposicion de que la economia y el ecosistema estan intrinsecamente en
desacuerdo. Sin embargo, existen beneficios economicos del enfoque de conservacion
(ecoturismo, agricultura organica, entre otros) y, lo que es mas importante, que la
sostenibilidad econémica a largo plazo también estd en riesgo debido a acciones que
degradan a los ecosistemas. Al respecto, el esfuerzo de la Comision Mundial sobre el
Medio Ambiente y el Desarrollo (Comisién Brundtland?) se refleja en haber ampliado la
definicidn de sostenibilidad para abarcar toda la gama de valores humanos (“el desarrollo
sostenible que satisface las necesidades del presente sin comprometer la capacidad de las
generaciones futuras para satisfacer sus propias necesidades™). Al respecto, se reconoce
que no es solo una disyuntiva entre los valores (la riqueza frente al bienestar y el respeto
por la naturaleza asociado con un ecosistema menos degradado), sino también es una
disyuntiva temporal entre las ganancias econdmicas a corto plazo y las preocupaciones

tanto econdmicas como ambientales a largo plazo.

2 Comision mundial creada en 1987 para el desarrollo del medio ambiente, presidida por la ex primera ministra de Noruega Gro Harlem
Brundtland, a cuyos trabajos se debe la definicion comunmente aceptada de desarrollo sostenible: “Aquél capaz de satisfacer las necesidades del
presente sin comprometer el derecho de las generaciones futuras para satisfacer las suyas propias”
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o  Mapeo de perspectivas

Las personas en circunstancias particulares carecen de identificacion con las generaciones
futuras. Ademas, también suelen defender un conjunto limitado de metas, aparentemente
sin comprender que una disminucidn en otras categorias de valores pondria en peligro el
logro del conjunto limitado de metas que tienen. Por ejemplo, si la busqueda de la riqueza
conduce a una tala muy excesiva (Larson & Ribot, 2007), el declive del sector forestal
amenazara los beneficios econdmicos y los ecosistemas. Este ejemplo, tienen una
dimensién temporal, que es crucial para los temas de sostenibilidad. La razon mas
comentada en términos de sostenibilidad es el desafio de preservar las oportunidades a
largo plazo frente a los beneficios a corto plazo. Pero mas alla de eso, un problema temporal
mas sutil es que muchos procesos de politicas estan orientados a buscar una solucién
inmediata ahora para un desafio a largo plazo. No se trata simplemente de una cuestion de
tranquilidad, sino también del crédito politico que se podria obtener al resolver problemas
graves. Por ejemplo, los debates sobre el cambio climatico global se han centrado en gran
medida en llegar a acuerdos para “resolver” el problema del calentamiento global derivado
de la emision de gases de efecto invernadero. Al respecto, el Panel Intergubernamental
sobre Cambio Climético advierte que “el desafio no es encontrar la mejor politica hoy para
los proximos 100 afios, sino seleccionar una estrategia prudente y ajustarla con el tiempo a

la luz de nueva informacién” (IPCC, 2021a)

1.2.Proceso de formulacion de politicas

El énfasis del marco de analisis de politicas en los mismos procesos de su formulacion
conecta los resultados de las politicas que dan forma al comportamiento de un sistema con
las instituciones y los procesos que generan determinados resultados. La premisa es que la
forma en que se hacen las politicas marca la diferencia en los resultados de estas. Por lo
tanto, mientras que muchas definiciones de problemas se enfocan en identificar politicas
suboptimas, otro enfoque de profundizacién es enfocarse en los procesos suboptimos que
producen estas politicas. Por lo tanto, las alternativas para las politicas deficientes a
menudo radican en mejorar el proceso de formulacidn de las politicas (identificacion del
problema) (Head & Alford, 2015). Adicionalmente, el proceso de formulacion de politicas

nos lleva a tratar el proceso de la integracidon del conocimiento para su formulacion. La
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integracion entre disciplinas ha recibido probablemente la mayor atencion y parece la mas
obvia para los observadores, porque la formulacion de las mejores politicas para promover
la sostenibilidad requiere conectar las ciencias biofisicas y sociales y, ademads, requiere
examinar la gama de valores que motivan el comportamiento humano. Sin embargo, las
continuas llamadas a la colaboracion interdisciplinaria, multidisciplinaria y
transdisciplinaria son una sefial de que dicha colaboracion es técnicamente dificil y atin va

en contra de los enfoques analiticos en muchos campos del conocimiento (Brewer, 1999).

Un aspecto particularmente dificil de la integracion entre disciplinas es el desafio de
equilibrar la informacion cuantitativa y cualitativa. En este sentido, el marco del andlisis
de politica no privilegia la investigacion cuantitativa ni cualitativa, y en su evaluacion (se
reconoce el papel del conocimiento en el proceso de toma de decisiones), requiere
aportaciones de conocimiento integrales para la toma de decisiones (Meltzer & Schwartz,

2019).

Con respecto del conocimiento acumulado en temas de sostenibilidad también se puede
mencionar la transferencia de conocimiento acumulado. Si se llevara a cabo, un esfuerzo
analitico para catalogar el conocimiento acumulado sobre las estrategias para promover la
sostenibilidad éste podria revelar que, una enorme cantidad de conocimiento sobre los
esfuerzos exitosos y no exitosos pasa desapercibida para las personas que abordan los
desafios dentro de sus propios contextos especificos. Esto se debe en parte a las
limitaciones de la comunicacion de casos entre una region, nacidn o incluso de una region
del mundo a otra, y en parte también a las dificultades para ajustar y adaptar las
experiencias y aprendizajes de un contexto a otro (van Mierlo & Beers, 2020). En este
sentido, el marco de analisis de politicas ha desarrollado las herramientas de analisis
funcional. De esta forma gran parte de la dificultad de comparar casos en diferentes
contextos puede superarse (Ordofiez-Matamoros, 2013). Por ejemplo, el hecho de que la
institucion que moviliza la accidon ambiental en un pais sea una agencia gubernamental y
en otro sea una red de organizaciones no gubernamentales (ONG) no disminuye la
posibilidad de que las estrategias exitosas utilizadas en el primero puedan emplearse en el

segundo, ya que siempre que el andlisis tenga en cuenta las diferencias institucionales y
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contextuales especificas serd posible rescatar los elementos asequibles. En otros contextos
como en la gestion de recursos hidricos, se ha sefialado la necesidad de generar una
comunidad de practicas en la cual, los organismos encargados de la gestion del recurso
compartan las experiencias enfocadas al desarrollo de mejores practicas para la

sostenibilidad (Maida & Beck, 2018).

1.3. Adaptabilidad y resiliencia en la gestion de SSEs ante el cambio climdtico:
Sistemas de aprovechamiento de especies de vida silvestre
Las clausulas de objetos o las politicas e instrumentos de planificacién en materia de
conservacion y aprovechamiento de especies de vida silvestre estipulan los factores que los
responsables de la toma de decisiones deben tener en cuenta y establecen el marco amplio
dentro del cual se desarrollan e implementan otras politicas y planes. Cambiar los objetos
estatutarios y los principios de toma de decisiones en los regimenes regulatorios
ambientales pueden brindar orientacion a los tomadores de decisiones sobre la importancia

de la flexibilidad y la capacidad de respuesta en condiciones de incertidumbre.

El supuesto subyacente de muchos regimenes de gestion ambiental y de recursos es que los
sistemas naturales son estacionarios y que el cambio se produce dentro de una
“variabilidad” fija, por lo tanto, el estatus quo debe protegerse, preservarse 0 mantenerse.
La “estabilidad” de los sistemas naturales que sustenta el modelo de conservacion
preservacionista® que busca mantener las condiciones basadas en una linea de base
preconcebida es poco realista incluso en ausencia del cambio climatico, sin embargo, los
impactos del cambio climatico hacen que incluso la preservacion sea ecologicamente
desafiante. Aunque no se admita abiertamente en el ambito politico que la pérdida de
biodiversidad y el cambio del ecosistema son inevitables, el objetivo de la conservacion
debe revisarse. Al menos, se debe incluir la promocion de la resiliencia y la capacidad de
adaptacion, y la proteccion de los servicios ecosistémicos criticos. Sin embargo, cuando es

un hecho que los impactos del cambio climatico son y serdn graves, es muy probable que

3 La corriente denominada preservacionista centra su posicion en la conservacion integral de la biosfera: ningtin aspecto
constitutivo de la biosfera debe ser tocado por las actividades del hombre, salvo en caso de urgencia. El hombre no posee
ningtin derecho sobre los recursos naturales (Pérez, 2011)
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los objetivos deban ir mas alld y adoptar un enfoque orientado hacia la minimizacion de

dafios y la prevencion del colapso de los sistemas socio-ecologicos.

En la practica, los objetivos de gestion podrian incluir un requisito explicito de
planificacion vinculado a los impactos del cambio climéatico y el reconocimiento de la
importancia de la resiliencia y la capacidad de adaptacién como metas estatutarias. Esto
daria a los tomadores de decisiones una amplia discrecion para determinar los marcos de
tiempo sobre los cuales se podrian considerar los impactos y la extension y la manera en
que se deberia permitir que esos impactos proyectados alteren los objetivos y enfoques de
gestion mas tradicionales. Alternativamente, los objetivos de gestion de recursos
especificos podrian modificarse para reflejar la necesidad de objetivos mas centrados en la

resiliencia, a la luz de los impactos del cambio climatico.

Un elemento importante en el desarrollo de politicas para la sostenibilidad de los SSEs es
impulsar la capacidad de adaptacion a través del manejo adaptativo como estrategia. El
término “manejo adaptativo” describe una nueva forma de abordar la evaluacion y el
manejo ambiental. Refleja el cambio de paradigma en la biologia de la conservacion que
adoptd una vision dindmica y no estacionaria de los sistemas naturales (Allen &
Garmestani, 2015). El manejo adaptativo es un enfoque interdisciplinario (Dreiss et al.,
2017) dado que reconoce a la incertidumbre como inherente a los sistemas naturales, y que
los factores ecologicos, sociales y econdmicos deben integrarse plenamente en las primeras
etapas del proceso de toma de decisiones. La gestion adaptativa reconoci6 las limitaciones
de la ciencia para hacer predicciones precisas sobre los impactos ambientales futuros e
identifica el peso de las decisiones como una debilidad critica porque significa que las
decisiones de gestion y reglas se basan casi inevitablemente sobre informacién incompleta
(Murray & Marmorek, 2003). La gestion adaptativa también reconceptualizé la toma de
decisiones como ciclica en lugar de lineal, para permitir la revisién, modificacion e
inversion econdmica adicional basada en nueva informaciéon y cambios inesperados

(Murray & Marmorek, 2003).

La gestion adaptativa se ha adoptado en varios contextos a nivel global para informar en la

gestion de sistemas ecoldgicos o socio-ecologicos de gran escala y complejos donde las
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decisiones de gestion no pueden esperar a los resultados finales de la investigacion (Murray
& Marmorek, 2003; Williams & Brown, 2014). Este enfoque se concibe como un método
de aprendizaje continuo (Williams & Brown, 2014). Sin embrago, Duncan & Wintle (2008)
identifican dos variantes: 1) gestion de prueba y error y 2) gestion adaptativa pasiva o
activa. La gestion de prueba y error cominmente implica persistir con la opcion de gestion
que se considera la mejor en ese momento hasta que se demuestre que es inadecuada,
momento en el cual las acciones de manejo pueden cambiarse con la esperanza de lograr
un mejor resultado. Este tipo de gestion no estéd respaldada por un modelo formal para el
sistema que se estd gestionando, no reconoce explicitamente la incertidumbre en la gestion,
no implica un plan de aprendizaje, y por lo general no se replica, por lo que se considera
estadisticamente no riguroso. En contraste, el manejo adaptativo pasivo reconoce
explicitamente la incertidumbre acerca de como las acciones de manejo contribuyen a los
resultados de la gestidon y usualmente involucra la aplicacion concurrente de opciones de
manejo para que el aprendizaje sobre el sistema y la eficacia relativa de la gestion pueda
lograrse a medida que avanza el proceso. El aprendizaje debe basarse en una evaluacion
formal de la evidencia, preferiblemente respaldada por inferencias estadisticas. El manejo
adaptativo activo implica un programa de aprendizaje sobre la eficacia de las opciones de
gestion. Este enfoque tiene como objetivo maximizar las ganancias a largo plazo a través
de una asignacion estratégica de recursos para la gestion y el aprendizaje, a veces a
expensas de las ganancias a corto plazo. Por consiguiente, la formulacion precisa y el
enfoque de la gestion adaptativa seran producto del contexto, la gestion del sistema, las
metas, los recursos, y la calidad de la informaciéon disponible. De acuerdo con algunos
autores, desde el enfoque de manejo adaptativo, la estrategia econdmica como motor para
la continuidad de la estrategia de gestion en el largo plazo sigue siendo un desafio (Scarlett,

2013; Williams & Brown, 2016)

Por su parte la Adaptacion basada en Ecosistemas (AbE) o Gestion basada en
Ecosistemas es una combinacion de politicas que incluye instrumentos y herramientas de
politicas tipicos relacionados con Biodiversidad y Servicios Ecosistémicos (BES), pero
también politicas socioecondmicas relacionadas con el desarrollo. Para ajustarse al marco

de ADbE, los instrumentos de politica tipicos de la agenda de conservacion de la
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biodiversidad (por ejemplo, establecimiento y manejo efectivo de areas protegidas, manejo
comunitario de areas naturales, restauracion ecoldgica, y otros) seran parte de una
combinacion que incluye mecanismos y politicas — atencion a problemas de generacion de
ingresos, reduccion de la pobreza y / o desarrollo de infraestructura, y mitigacion del
carbono—. Por lo tanto, esta combinacion de politicas se plantea como una estrategia que

reducird la vulnerabilidad social y se adaptara al cambio climéatico (O’Higgins et al., 2020).

Es un hecho que el cambio climatico aumenta la incertidumbre y el dinamismo de los
ecosistemas y los recursos y exacerba los factores de estrés existentes. De esta manera, la
premisa de la previsibilidad de los cambios sociales y ecosistémicos a largo plazo es baja,
y sostiene la importancia de un marco de analisis para abordar los cambios a futuro y lograr
una mejor comunicacion entre ciencia y sociedad, de tal forma que se puedan identificar
las areas de incidencia de las politicas para abordar los principales desafios para la

sostenibilidad y la resiliencia socio-ecologica.

1.4. Métodos computacionales para la gestion de la sostenibilidad de los SSEs frente
al cambio climatico.
La combinacion de ambas condiciones, complejidad e incertidumbre profunda ha
complicado el papel de los métodos de analisis de politica tradicional cuando se aplican a
los desafios de la sostenibilidad. Por un lado, el uso de modelos simplistas para el andlisis
puede resultar en omisiones relevantes para determinar los resultados a largo plazo. Por
otro lado, si el alcance de un andlisis es demasiado estrecho, es dificil hacer que el analisis
sea relevante para una amplia gama de actores (Lempert et al., 2003; Marchau et al., 2019).
Por lo tanto, la pregunta emergente en las ciencias de la sostenibilidad es como disefiar
intervenciones politicas sélidas que tengan en cuenta explicitamente la complejidad e
incertidumbre profunda y que pueda informar con detalles practicos discusiones de politica
sobre los desafios de sostenibilidad que afectan a una amplia gama de actores.
Herramientas de inteligencia computacional, como aprendizaje de maquina, modelos de
optimizacion, modelado dinamico y visualizacidon de datos, ofrecen oportunidades para
eludir estas limitaciones (Bryant & Lempert, 2010; Groves & Lempert, 2007; Isley et al.,
2015; Kasprzyk et al., 2013; Kwakkel, 2017; Lempert et al., 2006). Sin embargo, su poder

analitico para las ciencias de la sostenibilidad puede aprovecharse mejor cuando se utilizan
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en una forma integrada. Por ejemplo, modelos de simulacion complejos, como los modelos
de dindmica de sistemas (DS), modelos basados en agentes (ABM), se pueden utilizar

como generadores de escenarios en contextos de simulacion exploratoria.

Ademés, las técnicas de optimizacion multiobjetivo y de proposito general se pueden
combinar con los modelos DS, ABM para estimar la respuesta optima de politicas a través
de grandes conjuntos de parametrizaciones factibles. La base de datos resultante se puede
analizar mas a fondo con algoritmos de aprendizaje de maquina para clasificar los
resultados en términos de la combinacion de valores de pardmetros que desencadenan
diferentes politicas. Finalmente, las técnicas interactivas de visualizacion de datos se
pueden utilizar para crear herramientas de apoyo a la toma de decisiones para los actores y

el publico en general (Molina-Perez et al., 2020).

Durante las ultimas dos décadas, un creciente cuerpo de investigacion ha aplicado este
enfoque integrador para estudiar varios desafios de sostenibilidad en el contexto de la
gestion del agua (Groves et al., 2019; R. J. Lempert & Groves, 2010; Molina-Perez et al.,
2019), la energia (Popper et al., 2009) y la planificacion de recursos naturales (Fischbach
etal., 2019; Groves et al., 2016). Los hallazgos de estos estudios demuestran que no existen
soluciones magicas para lograr la sostenibilidad en los subsistemas humano y ecoldgico y
que las politicas que pueden contribuir a lograr los resultados con frecuencia se basan en
combinaciones de diferentes medidas que deben implementarse secuencialmente. Primero,
abordando las vulnerabilidades inmediatas a través de politicas. En segundo lugar,
respondiendo adaptativamente al medio y cambios a largo plazo en ambos subsistemas o
esferas (Groves et al., 2019; Molina-Perez et al., 2019) para gestionar las capacidades de
resiliencia de los SES. Este enfoque se define como toma de decisiones bajo condiciones
de incertidumbre profunda (DMDU por sus siglas en inglés) (Marchau et al., 2019) la cual
se considera que ha cimentado las bases para la aplicacion general de herramientas de

inteligencia computacional para las ciencias de la sostenibilidad (Groves et al., 2016).

El desarrollo de estrategias para la gestion de los SSE es indispensable para alcanzar su

sostenibilidad. Por su parte, el MA se ha sefialado como un en foque indispensable para
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alcanzar este objetivo. Sin embargo, uno de los desafios identificados para implementar el
MA es el financiamiento adecuado, dado que las estrategias adaptativas requieren
aumentos proporcionales en los recursos de los actores responsables para desarrollarlas y
hacerlas cumplir (recopilacion de datos, seguimiento, evaluacion y ajuste -técnico,
econdmico- de planes o proyectos) (Scarlett, 2013; Williams & Brown, 2016). Por otro
lado, el enfoque de ADbE, se enfoca en una combinacion de politicas que incluye
instrumentos y herramientas de politicas tipicos relacionados con las medidas de gestion
de Biodiversidad y Servicios Ecosistémicos (BSE), pero también politicas
socioeconomicas relacionadas con el desarrollo. Sin embargo, su aplicacién aun esta en la
etapa de experimentacion. Para ambos enfoques (MA y AbE), el andlisis de politicas
supone un elemento basico para su implementacion. En este sentido el enfoque de DMDU
es un conjunto de herramientas analiticas que se ha implementado en la gestion de la
sostenibilidad y resiliencia de largo plazo en varios contextos gracias al uso de modelos de
simulacidn, técnicas estadisticas y el uso de capacidad de computo para generar una gran
diversidad de posibles trayectorias -y analizar sus tendencias- y por lo tanto generar, un

analisis robusto de las politicas en el largo plazo.
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III. CAPITULO 2

Social-ecological Resilience Modeling: Water Stress Effects in the Bighorn Sheep
Management System in Baja California Sur, Mexico

Abstract

Bighorn sheep (Ovis canadensis) management systems are a social-ecological system
(SES) in which different pathways can determine the system’s resilience in response to
climate stressors. Thus, the aim of this study is to build a dynamic model to assess whether
the system is resilient to water stress. In this study, the SES is considered resilient if the
bighorn population is sufficiently large to provide economic revenues to landowners and
promote conservation action. We validate and formalize this model by conducting semi-
structured interviews with Ejido Bonfil landowners located in Baja California Sur and
experts in the field of recreational hunting and wildlife management. To explore the
changes in SES resilience, we conduct simulations to assess the impact of rainfall
variability patterns on the system. Our results indicate that rainfall variations with respect
to the historical record have the potential to disrupt both the species and the local economy
and that the lack of an adaptive capacity in a harvest strategy may affect the dynamics of
the whole SES. Finally, this paper explores how adaptive wildlife management strategies
can enhance the resilience of both subsystems in this SES.

Keywords
Social-ecological systems, bighorn sheep, resilience, climate change, dynamic modeling
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1. Introduction

Wildlife management requires an understanding of the complex interactions between
socioeconomic and ecological systems (Schliiter et al. 2011) to identify systemic changes
and in turn guide sustainable practices. Wildlife management is a social-ecological system
(SES) implemented to conserve wildlife species and social benefits. Its structure is
composed of social and biological subsystems, and the feedbacks across them determine
the conjoint optimization of both subsystems to sustain the thresholds and overall
functionality in terms of sustainability. All SESs are exposed to shocks and stressors, such
as climatic changes and extreme events. Climate change adds challenges for wildlife
management due to uncertain changes in species ranges and ecological dynamics.

A SES model must be conceptualized in terms of their components and interactions, which
is formalized by identifying specific variables and mathematical functions and finally
operationalized by testing system dynamics and resilience with empirical data. Schliiter et
al. (2014) and Polhill et al. (2015) pointed out the methodological challenges associated
with the use of modeling and simulation to study SES behavior. However, SES modeling
serves as a tool for assessing management strategies by developing a simplified
representation of the SES structure, mechanisms and processes. Moreover, empirical
analyses of SESs are difficult due to the nonlinear interactions among variables, SES
responses at different scales and lack of field data for describing relevant variables.
Particularly, modelling wildlife recreation hunting is important since it is a controversial
activity (Leader-Williams 2009), and the model allows for an exploration of this activity’s
potential to increase the welfare of local stakeholders and simultaneously sustain and

preserve wildlife (Adams et al. 2009). Communities and ecosystems where recreational
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hunting occurs are very diverse; consequently, this activity produces a diversity of
outcomes that are not always positive for biodiversity and livelihoods at the same time
(Jones 2009). As a result, determining the socioeconomic and ecological implications of
this activity without the aid of integrative and exploratory tools is difficult. We address the
feasibility of this activity from a systemic perspective that considers local social-ecological
complexity and the environmental uncertainty under which this activity is carried out,
which in turn provides elements to assess the resilience of the system.

This research implements the modelling approach as a tool for understanding and assessing
complex systems, such as SESs (Gotts et al. 2018) (Bueno 2012, Filatova et al. 2015,
Polhill et al. 2015). This approach is considered valuable in assisting reasoning about SES
behavior (Bueno 2012, Filatova et al. 2015, Polhill et al. 2015) because it facilitates the
identification of SES changes and transformations and characterization of its resilience
(Carpenter and Gunderson 2001, Schliiter and Pahl-Wostl 2007, Schliiter et al. 2009, Lade
et al. 2013, Brown and Williams 2015). Resilience means that a system is able to maintain
its overall functions, structure, identity and feedbacks despite unexpected shocks,
disturbances and reorganization (Walker et al. 2004). Moreover, resilience associated with
sustainability emphasizes the need to manage change through adaptation and
transformation (Levin et al. 1998, Holling 2001, Berkes et al. 2003, Folke et al. 2010, Folke
2016).

The SES resilience approach has been the focus of researchers who have developed
dynamic analytical models. While these models perform well at analyzing the local
decisions of multiple agents in the management of a resource system (Schliiter et al. 2009,

Lade et al. 2013, Brown and Williams 2015), the implications of structural organizations
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for the functioning of the system (Schliiter and Pahl-Wostl 2007) and the economic costs
when the system crosses the biophysical threshold (Carpenter et al., 2001), they do not
consider the potential adaptive responses to changing ecological dynamics that may affect
the socioeconomic subsystem. In addition, none of these approaches focuses on wildlife
management.

Most wildlife management strategies only consider the population size and the harvest rate
for wildlife conservation; however, a resilient and systemic perspective can be illustrative
of the need to consider more multidimensional approaches that explicitly link rainfall
scarcity as a consequence of climate change in the region with both economic and
environment systems, which is particularly relevant for wildlife managers as they work at
a complex interface of biological, socioeconomic and climatic forces that determine the
systems’ functions, identity, structure and feedbacks. Hence, management actions
implemented to address climate change influence regime shifts and the reorganization of
the SES itself.

This paper aims to advance resilience modeling of SESs by integrating empirical data that
encompass biological and socioeconomic feedbacks. This paper shows how the SES model
can be operationalized to explore the SES resilience to climate stress (e.g., water stress). In
this regard, Schliiter et al. (2014) recognized that this step is not a trivial one. To meet this
challenge, we assessed resilience by considering the ability of the SES to maintain its
structure and functions and thus sustain recreational hunting activity. We apply this
approach to tourism associated with hunting bighorn sheep in Baja California Sur, Mexico.
This economic activity has the potential to promote win-win solutions for conservation and
development (Ledo et al. 2017). Managing wildlife populations and habitats allows for
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greater resource availability, which supports social benefits and in turn conservation,
thereby creating feedbacks between society and conservation.

Moreover, this paper explores the importance of adaptive conservation strategies by
conducting a series of experiments using computational tools to analyze complex and
uncertain systems. Our contribution to the wildlife management arena is the exploratory
analysis as a first attempt to analyze SES resilience to a specific stressor by anticipating
actions and potential associated adaptive measures that consider the species conservation
and revenues that promote habitat conservation. This dynamic model enhances our
systemic understanding of non-lineal interactions and invites a discussion among
stakeholders about how different management strategies could address the effects of the
stressor by identifying the SES’s thresholds and implementing precautionary management
measures associated with the recreational hunting of bighorn sheep in a Management Unit
for the Conservation of Wildlife (UMA). This approach can be used with other species and
socioeconomic data to plan future strategies in the wildlife management arena that allow
for long-term SES resilience oriented towards the sustainable management of natural
resources. This means the development of best practices in fostering community wildlife
management to reduce unsustainable and illegal use and trade of wildlife (Cooney et al.,

2018).
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1.1. Bighorn Sheep Management System

2.1 Management Unit for the Conservation of Wildlife (UMA)
Due to its vast grasslands and bushes, the northeastern region of Mexico is suitable for

livestock diversification (Villarreal 2012). Recreational hunting is part of this diversified
livestock strategy for ejido land ownerships. The UMA was originally created as a
voluntary instrument with which to manage wildlife use as part of livelihood
diversification, but it became obligatory in 1997 for any landowner wanting to use wildlife
from its habitat. The number of UMAS registered by 2013 was 12,000, and these units have
been increasing at a rate of 5% per year (DGVS, 2014), with a large majority and the most
extensive ones located in the northern part of Mexico. This scheme has a larger extension
than natural protected areas (Avila-Foucat and Pérez-Campuzano 2015). The policy aims
to generate income for managers in the community and private lands derived from the
conservation of species and their habitat. UMAs are operated under a management plan
approved by the Secretariat of Environment and Natural Resources (SEMARNAT) for
monitoring species and their habitats as well as for determining harvest rates. Income
generation in UMAs is generated by both extractive (e.g., recreational hunting of
individuals for ornaments or pets) and non-extractive uses (such as ecotourism), and
wildlife management can be carried out in captivity or in the natural habitat, which are
referred to as intensive and extensive management, respectively. In this case of recreational
hunting, the majority of UMAs are extensive since animals are in the wild and extractive
since the animals are hunted.

The Official Mexican Standard (NOM) 059-ECOL-1994 considers bighorn sheep (Ovis

canadensis weemsi) as subject to special protection, and the Convention on International
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Trade in Endangered Species of Wild Fauna and Flora (CITES) includes the species in
Appendix II. In northwestern Mexico, bighorn sheep are distributed in the steep hills of the
states of Sonora, Baja California, BCS, Chihuahua, Coahuila, and Nuevo Leon. The
presence of three subspecies of bighorn sheep is recognized: Ovis canadensis mexicana
(Merriam, 1901), Ovis canadensis cremnobates (Elliot, 1904) and O. c. weemsi. The
subspecies O. c. weemsi is distributed mainly in the southern region of Baja California.
Currently, extractive management is permitted in Sonora, BCS, Chihuahua, Coahuila, and
Nuevo Leon but is prohibited in Baja California. Research on bighorn sheep habitat has
revealed at least six key habitat criteria with which to determine areas of suitable habitat
(Smith et al. 1991, Johnson and Swift 2000): horizontal visibility, proximity to perennial
water sources, a minimum of natural and man-made barriers, human areas, proximity to
exotic relatives and patch size. These criteria are also considered in the bighorn sheep
management and conservation plan of the UMA Alfredo Vladimir Bonfil (UMA Bonfil).
The Ministry of Environment oversees establishing the number of permits each year based
on aerial surveys and estimation of the corresponding area and number of animals for each

UMA.

1.2. UMA Alfredo Viadimir Bonfil

The UMA Bonlfil in the state of BCS is dedicated to bighorn sheep recreational hunting,
which generates important economic revenues (approximately US $757 per household in
2017). This activity allows for the recovery of this species since investments are performed
for habitat conservation, which includes vigilance to keep poachers and feral cattle out of

the bighorn sheep territory and watering maintenance (Carabias et al. 2010).
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Similar to many other regions, Baja California suffers from rainfall absence periods or
water stress, which could cause bighorn sheep populations to move. For instance, the Baja
California action plan for climate change shows a temperature increase of 2 °C and an
evapotranspiration rate of 80% compared to a recharge and runoff rate of 11% (Ivanova
and Gamez 2012); according to national estimations Baja California is considered to have
high drought vulnerability since 2013 (CONAGUA 2018). Under prolonged rainfall
absence, the species could move north where the weather is cooler, which would lead to a
decrease in the number of individuals in the region and the UMA. Although the
implications of external stressors, such as climate change, have been analyzed in bighorn
sheep populations (Epps et al. 2004, Colchero et al. 2009, Hauptfeld and Kershner 2014),
research using a systemic perspective, including managers’ and stakeholders’ decisions
with respect to adapting the current harvest strategy without compromising the economic
stability of landowners, is lacking.

The UMA Bonfil was created in 1997 and has an extension of 519,000 hectares. The UMA
generates 20 permanent employments and 30 temporary ones, mainly during December-
March, which is the hunting season. The profits from the hunting activity are shared equally
among the “ejidatarios”, who are members of the UMA. In the UMA Bonfil, all 128 family
heads and their members have the right to participate. The revenues gained by each
landowner are discussed in an assembly after deciding the amount used for management

of the UMA. Once this investment is set aside, the remaining funds are equally distributed.
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Figure 1. Study area (5,500 km?). Polygon in black line=E.A.V.B. (Ejido Alfredo Vladimir Bonfil, Baja California Sur,
Mexico). Polygons in red=Wildlife Management Units (UMAs) in the state. Black grid area=Natural Protected
Areas. Eighty percent of the ejido is part of the Natural Protected Area. Source: SEMARNAT
http://gisviewer.semarnat.gob.mx/geointegrador/

1.3. Bighorn sheep hunting market

The bighorn sheep hunting market exists due to the demand for recreational hunting
opportunities and international recreational hunting competitions. An example is the Grand
Slam recognition, i.e., when a hunter harvests a ram of each of the 4 main subspecies (Ovis
dalli dalli, Ovis dalli stonei, Ovis canadensis canadensis, and Ovis canadensis nelsoni)
found in North America.

North American permits are auctioned in Reno, Nevada, U.S.A. The event is organized by
the Foundation for North American Wild Sheep (FNAWS). Revenues from 1% of the
auctioned permits are allocated to the FNAWS, the world’s primary wild sheep
conservation organization supporting wildlife management programs in 17 states in the
U.S.A., 5 states in Mexico and 4 provinces in Canada. The revenue from the auction of

permits is put into a “fideicomiso”, a bank trust created between the Ejido and the FNAWS.
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Members of the UMA Bonfil participate in the annual convention by giving information
on the advantages of hunting these specimens in the UMA territory (free-living specimens,
the challenges of tracking, and the social benefits for the UMA). The initial price of the
auction depends on several factors: the special protection status of the species in Mexican
territory, management actions and characteristics in the UMA, the price of other hunting
permits in Mexico and the purchasing power of the participants.

Hunters carry out recreational hunting as a tradition and, in some cases, belong to families
with a hunting tradition. These people have very high incomes since they pay up to
USD$70,000 for a hunting permit and up to USD $3,000 as a tip. Sometimes the hunters
pay these amounts for up to 3 consecutive years. For a hunter of this type, hunting is the
whole process of tracking, searching for, observing, and attempting to "collect" the prize
(an animal’s horns). Such hunters usually have up to 10 days for the entire process, and if
they fail to hunt the prize in that time span, then they leave the UMA. Some hunters report
that hunting is rewarding because it summarizes the overall effort; however, if they do not
manage to kill the animal, then they interpret this as another opportunity for the animal to
continue living. UMA members have even heard hunters say, "The Mountain claimed it".

In summary, hunting is a competition between the hu.nter’s skills and nature.

2. Model Construction Method

The construction of the recreational hunting SES dynamic model described in this paper
consists of five stages (Fig. 1). The first stage is the conceptualization of the system in
terms of the variables and interactions, mainly based on a literature review, and it
represents the hypothesis of the system. The second stage is the formalization of the

system, which includes determining and specifying the indicators or mathematical
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relationships based on interviews to expand and validate the SES. The third stage includes
the operationalization of the system, which involves measuring the changes in the system.
The fourth stage includes implementing the system by using a computational model in R
(R Core Team 2014), which is a language and environment for statistical computing. The
final stage includes testing the effects of stressor trends and the design of experiments. The
experimentation also proposes management adaptation strategies for each of the trends that
combine 1) changes in the current harvest rate rule and 2) the introduction of new bighorn

sheep individuals to sustain the bighorn sheep population in the UMA.

48

Zamora-Maldonado, H., V. S. Avila-Foucat; V. Sanchez-Sotomayor & R. Lee. 2021. Social-ecological Resilience Modeling: Water
Stress Effects in the Bighorn Sheep Management System in Baja California Sur, Mexico. Ecological Complexity 45
https://doi.org/10.1016/j.ecocom.2020.100884




Key stakeholder Literature review
interviews and

literature review

Elicitation and 1. SES

Conceptual model
hypothesis

Formalization historical context

goods, services,
stocks and issues

Elicitation and
validation

Expert interviews and
literature review

3. Opcrationalization

of SES description .
4. Implementation of 5. Empirical results.

the model in R code Test the impact of different
stressor trends and
U management adaptations

Figure 2. Stages in the construction of the SES exploratory model. This diagram explains the
overall process of model construction.

The conceptual model uses the five steps of Walker and Salt (2012): 1) identifying the
system boundaries in time and space; 2) identifying groups of stakeholders or natural
resource users; 3) identifying the stock that supports the recreational hunting SES and
mapping the interactions between them in a conceptual model; 4) identifying the
disturbances that stakeholders know and expect, which allows the resilience to be assessed
with respect to specific dimensions; and 5) formulating a hypothesis of the system

dynamics.
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Formalization of the SES followed a system dynamics approach where causal relationships
are described by using a diagraming tool for mapping causal influences in a dynamic
system (Forrester 1961). Positive causal influences are represented by a positive arrow
from one variable to another.

Our SES consists of more than two causal relationships between elements that are called
feedback loops. These elements are connected such that if we follow the causality starting
at any element in the loop, we can eventually return to the first element. The conceptual
model helps develop a dynamic hypothesis of how recreational hunting in this SES works.
Based on these relationships, differential equations are developed for state variables; each
equation is described in the results section. The operationalized model was written and run
by using R code for clarity and transparency.

2.1.Data collection and elicitation process

Semi-structured interviews were conducted with experts and employees of the UMA Bonfil
and the Mexican Commission of Natural Protected Areas (CONANP). Key stakeholders
for the UMA Bonfil are the chief of surveillance, the most experienced tourist guide in the
UMA Bonfil, the legal representative and the president of the ejidal commissariat. The
chief of surveillance is in charge of keeping the territory of the UMA Bonfil free from
poachers. The guide works directly with the hunters, and he is the person in charge of
collecting the information about the bighorn sheep groups’ location in the UMA Bonfil
territory. The legal representative is in charge of the UMA legal procedures regarding the

issuing of hunting permits.
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The president of the ejidal commissariat implements the agreements of the Ejido Assembly,
represents and manages the UMA Bonfil, and reports to the assembly about the allocation
of funds to the use of common land and their general state. The previous actors also take
part in auctions by providing information describing the hunting experience at the UMA
Bonfil and their opinion about the hunting permit prices during the bid. The CONANP
stakeholders interviewed are the directors of the two nearest natural protected areas. In
addition, we interview experts on bighorn sheep aerial surveys, hunting permit auctions
and wildlife management.

Based on information provided by these stakeholders, we elicited and validated data
describing state variables (variables with memory that change over the time scale
considered), auxiliary variables or parameters (memoryless or constant variables),
mechanisms of interaction from the hypothetical conceptual model developed in the first
step, and rainfall stressors.

The bighorn sheep population in BCS is estimated every three years as part of the UMA
operating rules (Lee 2003) by using aerial surveys. The bighorn sheep population data
originated from the aerial survey of BCS in 2017 (open source data). Presence data are
registered in geographic coordinates along with the registration of adult males of class I,
I, IIT and I'V; adult females; young males; juvenile females; and lambs. Birth and mortality
rates came from the literature. Hunting permit price and revenue data were obtained from
interviews in the UMA Bonfil, during which interviewees mentioned that they received
approximately US$500 annually, except in 2017, when they received approximately
US$757, which they considered a “Christmas bonus”. Rainfall variability trends were

conceptualized as shocks or stressors, and the behavior was modeled based on the
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stakeholders’ concerns and national estimates for the region (S1, S2 and S3). The scenarios
were built as explained in the following section and in Appendix 1.

Scenario S1 represents a sustained decline in rainfall (prolonged water stress) as the most
dramatic possible scenario; S2 represents an oscillatory rainfall pattern or water stress
followed by wetter seasons as a common rainfall behavior; and S3 represents a pattern with
a slight decline in historical rainfall followed by a growing positive trend as a less probable
scenario but also disruptive. These scenarios are assessed as proxies of different

possibilities of climate change effects.
3. Results

3.1.Conceptualization and formalization

The causal diagram represents the conceptual model, showing the interactions between

variables (Fig. 3).
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Figure 3. Conceptual model of the bighorn sheep management SES. The signs (+, -) of the arrows
indicate the polarity of the relationship between variables. F1, F2, F3, F4 and F5 are the feedback loops.
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The ecological and socioeconomic subsystems interact through feedbacks among
variables. The behavior of interest in this SES is described by the dynamics of the three
state variables: the bighorn sheep population in BCS, the bighorn sheep population in the
UMA Bonfil and the gross income from the recreational hunting activity in the UMA
Bonfil. Water stress is the main stressor for this system, and the system is resilient when
both subsystems maintain their structure and function. If one of the subsystems crosses the
threshold and collapses, then the system is not resilient. This approach is based on Holling
(1973), who assumed that a threshold or bifurcation determines the basin of attraction for
a particular stressor or shock. Once we quantitatively identify the subsystems’ non-
desirable states, we propose different environmental policy responses in terms of bighorn
sheep harvest rates to obtain socioeconomic and ecological stability in the long term. This
model assesses the possibility that recreational hunting, through the auction of trophy
hunting permits, contributes to society’s wellbeing by creating an additional source of
income for stakeholders, financing habitat conservation, satisfying consumers’ demands,

and improving stakeholders’ quality of life through the ecosystem’s stability.

3.1.1. State variables

e FEcological subsystem

State variable 1: bighorn sheep population growth rate

We considered the bighorn sheep population growth rate in BCS to be determined by the
mortality rate (natural and harvest mortalities) and the birth rate. We assume that the

bighorn sheep population is in a steady state based on the current harvest rate and the annual
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natural mortality rate (0.01%)* reported by Roelle (2004) in the bighorn sheep population
in a National Recreation Area in Montana, U.S.A.

The bighorn sheep population in the state of BCS Pg.s grows over time at a rate determined
by the births b, deaths d, number of hunting permits approved each year (the harvest rate)

p and effect of rainfall changes on births €,z, and deaths €, ;. The estimated initial birth

rate bggre,=0.047215, and the given initial death rate dgqee, =0.01.

Births:
b =N * bgate
Birth rate:
brate = bratey €arp BhHistoricrainfail)
Deaths:
d =N *dggte
Death rate:

dRrate = dRateO EARd(AHistoricRainfall)

where V" is the size of the existing population in the state of BCS, and €,z , and €,p, are
the nonlinear effects of changing rainfall on births and deaths, respectively, such that
Epr, () >0, Exp, () >0, Ejg, () <0, and €y, (.) > 0. Through these effects, the

historic death and birth rates are adjusted as a function of rainfall conditions: a decrease in

4 This assumption implies that we estimated the birth rate such that the initial birth rate was in
equilibrium with the mortality rate. Modeling the bighorn sheep population in BCS in an initial steady
state allows us to identify changes when we test the effects of rainfall variability.
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rainfall with respect to historical conditions increases the death rate (reduces the birth rate)
to above (below) the historical estimates.

The overall equation for the bighorn sheep population in BCS is

=b—d-p ©

State variable 2: bighorn sheep population in the UMA

Two factors that influence demographic trends in the bighorn sheep population are
nutritional status in terms of the quality and quantity of forage and predation (Mckinney et
al. 2003). In this model, we simplify the dynamics of the focal scale of the bighorn sheep
population by modeling the influence of rainfall on the forage. Mckinney et al., (2003)
found that higher rainfall was associated with higher availability and greater differences in
the mineral content of forages, which improved the nutritional status and relative
abundance of the populations. Based on this information, we hypothesize that under water
stress conditions, bighorn sheep populations in the state of BCS migrate from the
mountainous areas where they are typically distributed to areas with more forage and water.
These migrations are especially important at the socioeconomic scale because the UMA
Bonfil has the right to exert the trophy hunting permits only in their territory. However,
stakeholders for the UMA Bonfil are worried about prolonged water stressed periods,
especially in winter, because the trophy hunting season occurs from November to

December.
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We assume that the size of the bighorn sheep population in the UMA Bonfil is in a steady
state based on the current harvest rate, the hypothetical emigration rate E RateOZO-OIS and
the estimated immigration rate Irq¢,,=0.008385. The population size of the bighorn sheep
in the UMA Bonfil P, at time t fluctuates as a result of the immigration I, emigration E,
number of hunting permits exerted each year p and effect of changing rainfall on bighorn

sheep immigration &g, and emigration Epg .

Immigration:
I = Nlggte
Immigration rate:
Irate = Iratey €ar;(Duistoricrainfai)
Emigration:
E = N Egate

Emigration rate:

Erate = ERateO EARE(AHiStOTiCRaiTlfall)

where €, (.) and Epg . (.) are the nonlinear effects of changing rainfall on immigration

n

and emigration, respectively, such that Eyp (.) >0, € (1) >0, €y () <0, and

E'A'RE(.) > 0. Through these effects, the historic immigration and emigration rates are

5 This assumption implies that we estimated the immigration rate such that the initial emigration rate
was in equilibrium with the immigration rate. Modeling the bighorn sheep population in the UMA
Bonfil in an initial steady state allows us to identify changes when we test the effects of rainfall
variability.
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adjusted as a function of rainfall conditions: a decrease in rainfall with respect to historical
conditions increases the emigration rate (reduces the immigration rate) to above (below)
the historical estimates, and an increase in rainfall has the opposite effects. The fact that
these functions are nonlinear captures the notion that these opposing effects are not
necessarily symmetric.

The overall differential equation for the population size of the bighorn sheep in the UMA

Bonfil is the following:

—t=1-E-p @)

e The socioeconomic subsystem

State variable 3: hunting permit price

In the exploratory model, the human system sector has a single state variable, called the
hunting permit price HPP,, representing the result of a habitat managed sustainably (which
includes watering hole maintenance, infrastructure development according to habitat
conservation, keeping the mountainous area free from feral fauna and legal compliance in
terms of the harvest rate) to continue carrying out the recreational hunting activity in the
UMA Bonfil. The hunting permit price is the result of the price reached in an auction for
that UMA. The hunting permit price also fluctuates as a result of the hunting permit supply
S and demand D, where S corresponds to the number of permits available and D is the

number of permits sold in an auction.
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We model the number of permits in the UMA Bonfil p, as a function that assigns the
numbers of permits in the UMA by comparing the permits allowed under the current legal
harvesting rules pr, and the existing population in the UMA N,:

Permit supply:
S = DPe

— {(pTZ) (peproportion )’ M > (pTZ)( peProportion)
Pe Ne, N, < (pr2)( peproportion)

where the proportion of hunting permits in the UMA Bonfil pEProportion:O'173’ which is

estimated based on the harvest rate in BCS (40) and the number of hunting permits assigned
to the UMA Bonfil (7) in the last three years. The number of permits is estimated by the
government using aerial information, and in this case, we only use the result of that
estimation for the area of study.

We modeled the permit demand as a linear relationship with the following expression:

Permit demand:

D = Bo + B1SM + B2SP + B3S, + BLHP Preative
where SM is a dichotomous variable for which 1=the presence and O=the absence of
sustainable management, SP is a dichotomous variable for which 1=the presence and O=the
absence of bighorn sheep under protection in Mexico. Those two variables are constant in
the case of UMA Bonlfil but could vary in other UMAs. S,, is the number of bighorn sheep
sighted in the UMA Bonfil per hour of flight during the aerial population survey (as a proxy

for the probability of hunting a species) and HPPg,4¢ive 18 the relative price of a hunting
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permit compared to substitutes, in this case, trophy hunting permits outside the UMA
Bonfil. The relative prices in this model are inspired by the formulation of a dynamic
system by Sterman (2000), in which a higher relative price increases demand and an
increasing bidding price decrease the relative price.

Hunting permit relative price:

HPP, Others
HPP,

HPPreigtive =
where HPPy;pers—=90 (dollars) is the average price of trophy hunting permits outside the
UMA Bonfil (Lee 2011), and HPP,=90 (dollars) is the hunting permit price in the UMA
Bonfil. The elasticity of supply and demand is assessed and included in the differential

equation to observe the variations on the permit price.

The overall differential equation of the hunting permit price is

JHPP, 1 1 0D 1 1 0S8
=|—%—*%—F — % — % — 3)
at e D 0t & S Ot

We use this specification because it is important for this context to capture the joint effects
that changes in supply and demand have on the price of permits. Thus, we include the
marginal change in permits’ price in the state equation as a function of the elasticities in

demand change ¢, (0.2) and supply change &g (0.175). Both parameters are hypothetical.
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3.2. Auxiliary variables
Bighorn sheep population size

To estimate the size of the population, the following equation (Lee et al. 2007) is necessary:

(Z]\chmAf]m]qub) 4)

N =
Q

where V' is the estimated population size, and ZN, 4 FImlfLé is the sum of all animal

sightings in the categories A,, (adult males), A (adult females), J,, (juvenile males),
Jr (uvenile females), L (lambs) and ¢ (others not classified). According to Segundo
(2007), the observable population proportion for BCS is (1=0.30. This value indicates that
the population observed during the aerial survey is only 30% of the total population in
BCS. In the last population aerial survey, which was carried out in December 2016 (Lee
2016), the total presence data including all categories revealed 176 animals in BCS.
Therefore, the estimated bighorn sheep population size in BCS during 2016 was 586 sheep.

Bighorn sheep population presence in the UMA Bonfil
Changes in the presence of sheep in the UMA Bonfil are expressed in the following form:
Pe

AP, =<
e PO

(5)

where AP, is the change in bighorn sheep presence in the UMA Bonfil, P, is the number of
bighorn sheep present in each square kilometer in the UMA Bonfil and P, is the initial
presence of sheep in the UMA Bonfil.

To estimate P,, we used equation 4, as follows:

(5) @

_ OBCS
o~ A
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where 0,=38 is the total number of bighorn sheep observed in the mountainous area of the
UMA Bonlfil, Ogs=176 is the total number of bighorn sheep observed in the mountainous
area of BCS and A=5.5 is the total area of the UMA Bonfil in square kilometers. Bighorn
populations are predominantly located in mountainous areas.

The number of initial sightings of sheep in the UMA Bonfil S, is expressed as follows:

0
S, = BCS

(6)

~ hpcs
where hgcs is the total number of flight hours during the aerial survey in BCS.
To estimate the changes in sightings, we used the following expression borrowing from
equations 5 and 6:

S =5, E(AR,)
where €(.) indicates the nonlinear effects of the change in sightings, such that €(.) > 0
and €”(.) > 0. This relationship implies that if the number of bighorn sheep in the UMA
is low, then it would take more hours of flight to see bighorn sheep, and if the number in
the UMA is high, then it would take fewer hours of flight to see bighorn sheep, which in
turn is a measure of the variation in the presence of the sheep in the area.

Bighorn sheep harvest rate

In the recreational hunting market, the trophy hunting of adult males plays a more
important role than that of adult females. For this reason, adult males are classified
depending on their ages: Ci, Ci, Cur and Civ, with the males in Civ being the oldest and
most suitable to be hunted because they have a larger size and larger antlers (Lee 2003).
Then, to estimate the harvest rate of this species, the equations developed by (Lee et al.

2007) are used. This method allows the harvest rate to be managed in a sustainable way
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because it does not compromise the long-term reproductive potential of the population. The

first equation is the following:

Pr1 = [(EN Clyy Clly CllIpy, CIVm)/ Q] %
where pr; is the estimated harvest of males in all classes: class one (C1,;,), class two (Cl1,,),
class three (CIII,,;) and class four (CIV,,). The observable population proportion for BCS
is 0=0.30, and the harvest percentage is ¢=0.10 (Lee 2003) (Lee, 2003). The second

equation is as follows:

Pr2 = [(ZN Cllly, CIVm)/ Q] %

This equation uses the data from classes three (CIII,,) and four (CIV,,). The observable
population proportion for BCS is the same (0=0.30), but the harvest percentage is higher
(9¢=0.20). Then, the lower value of the two outcomes must be used as a precautionary
criterion. According to the aerial survey data from 2016, the extraction rate must be 13
permits.

To estimate the population size in the UMA Bonfil IV,, we calculate how many bighorn
sheep are in the study area per square kilometer. We use data from the aerial survey of

2016 in the following expression:

Ne = (Z MmAf]m]fL ¢) /Q

where IV, is the number of bighorn sheep of all classes (A, Af/pm J5 L ¢) observed in the
UMA Bonfil mountainous area (38). The observable population proportion for BCS is
01=0.30. To estimate the presence of bighorn sheep in the UMA Bonfil, we used the

following form:

N,
Pezf
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where P, is the number of bighorn sheep per square kilometer, and NV, = 126 is the
population size in the UMA Bonfil mountainous area (where A=5.5 km?). However, the
bighorn sheep population is not static—the individuals move in the mountains. Nowak
(1991) reported that the longest distance a bighorn sheep moves from its territory is 48 km.

These movements were modeled in state variable 2 as immigration and emigration rates.

3.3.Exogenous stressor

Exogenous change in historical rainfall conditions

We model the effects of a changing climate on local rainfall conditions using the following
stochastic exogenous stressor:

Ayistoricrainfau= M * t + 6 * sin(r * t + X) )
where u controls the long-term rainfall tendency in the model (i.e., decrease or increase),
and § and 7 control the amplitude and seasonal variations in precipitation in the UMA,
respectively. X is a random variable defined as X~Fy(x) = P(X < x) (in our analysis, we
model X as X~U(a, b)) that models temporal variation in precipitation patterns in the
region. Thus, we model the effect of climate change on precipitation patterns in the region
as a shock or stressor wave that has a long-term tendency to affect historical precipitation
conditions but for which the signal of change becomes apparent only after a sequence of
seasons.

In other models, such as that of Colchero et al. (2009), the change in rainfall affected the
bighorn sheep population via the probability of survival in response to different rainfall
patterns. The author mentioned that this decision was based on the assumption that the
bighorn sheep population under study was located on an island where there are few

mobility options with which to find other sources of water and food. However, in our
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model, the effect of the water stress patterns was modeled as changes in the immigration
and emigration of the population. This decision was based on the assumption that the
bighorn sheep population in BCS is in a free-living state in large mountainous areas in
which bighorns can move towards regions with a greater superficial water availability and
the best food options. The parameters used for simulation are presented in Appendix 1.
4.1.4 Simulation of rainfall variability in the SES and management strategies

The simulation experiment explores the implications of three different scenarios of rainfall
variability (S1, S2 and S3) (Appendix 1). For each scenario, we examined the performance
of two strategies: the current policy or status quo of the system and an adaptive strategy
that enhances the resilience of the system. Table 1 describes the operational logic of this
experiment. Each row denotes a scenario for the considered stressor. The first column
indicates the three different trend stressors analyzed: S1, a prolonged water stress that
stakeholders mentioned as the worrying most dramatic scenario in the region; S2, an
oscillatory rainfall pattern was indicated as a desirable scenario; and S3, a growing positive
rainfall was mentioned as the less probable scenario. The second column specifies the year
of the simulation in which the SES subsystems under the status quo cross their thresholds
and start a non-desirable negative trend. The third column points out the adaptive strategies
that can help sustain a positive trend in both subsystems. This paper proposes two
management strategies: a variable reduction in hunting permits and introduction of
animals.

Figure 4 describes the resulting behavior for each stressor scenario. The rows describe the
stressor behavior and its influence in the system’s behavior under both the status quo and

an adaptive decision that confers resilience (the color legend indicates the bighorn sheep
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population percentage of change with respect to the initial conditions with 126 individuals
and the grey legend indicates the hunting permit price as a proxy indicator of gross income
associated with the hunting permit market). The first column displays the three stressor
scenarios, and the second column displays the system’s responses to each scenario, which
allows for a comparison of the impact of the adaptive strategy on behavior across both
subsystems.

Our analysis shows that the same extraction strategy cannot be implemented in response
to the three scenarios with as it would invariably lead to negative system trends; thus, it is
necessary to consider a management strategy that is adaptable to changing climatic
conditions. For the proposed adaptive strategies, we identify critical thresholds for bighorn
sheep populations and gross income behavior and propose changes in the management
strategies based on the extraction rate and introduction of new bighorn sheep individuals

to avoid a reversion to the negative outcome of the current policy.
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Table 1. Thresholds in the SES status quo (SQ1, SQ2 and SQ3) and adaptive responses (R1,
R2 and R3) to the effects caused by three different stressors (S1, S2 and S3) in a SES.

Adaptive policy
Stressor q . .. .

. Current policy (adaptive decisions, dynamic
(rainfall . . . .
k) (ecological and economic thresholds) nur'nbc'er .of hunt}ng perm}ts

and individual’s introduction)
S1 SQ1 R1
Sustained Bighorn sheep population: Since year 2 of the Marked reduction in the
decline in simulation increase the movement to other number of hunting permits
rainfall mountainous areas, experience an increased mortalityf] (from 7 to 1) during the 30
(prolonged rate. years and escalating efforts to

water stress)

Hunting permit price:

Start decreasing from year 12 as a result of the
decrease in the bighorn sheep sighting rate that
causes a decline in the demand for UMA Bonfil
hunting permits and pushes the hunting permit price
down.

introduce new bighorn sheep
individuals: year 1 to 10=10
bighorn sheep, year 10 to
20=5, year 20 to 30=15.

S2
Oscillatory
rainfall patte
or water stress
followed by
wetter seasons

SQ2
Bighorn sheep population:
Substantial declining trend in the population from
126 to 35 from year 2 to 17 and stabilization until the
end of the simulation

Hunting permit price:

Increasing prices of hunting permits from year 2 to
year 10 (from 227, 000 to 330,000) as the supply of
permits declines and stabilization until the end of the
simulation. Income increases despite fewer permits
being issued.

R2
Harvest rate reduction (from 7
to 3 permits) during the first
20 years of the simulation and
then recovers to 5 permits. In
combination with the
introduction of new
individuals (1 per year).

S3
Slight decline
in the
historical
rainfall
followed by a
growing
positive trend

SQ3
Bighorn sheep population:
Remains in its current territory, and immigration
increases. From year 17 to the end of the simulation,
the population increases (from 126 to 132)

Hunting permit price:

Immigration causes an oversupply of hunting
permits, which drives down the price of hunting
permits. From year 18 to the end of the simulation,
the gross income changes (from 227,000 to 181,000)

R3
Greater number of hunting
permits (10) helps prevent a
decline in the price of hunting
permits and the gross income.
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Figure 4. Adaptive responses considering the extraction rate changes and bighorn sheep individual introduction
(R1, R2, and R3) to a no desirable state under the status quo (SQ1, SQ2 and SQ3) caused by the three different
stressors (S1, S2, and S3).

The scenarios show that if an adaptation strategy is not implemented, then the system is
not resilient, whereas under all proposed adaptation strategies, the negative trend of both
subsystems decreases in the long term with changes in the current harvest rate rule and the
introduction of new individuals; thus, the combination of these elements is crucial for SES
stability. In particular, scenario 3 shows a resilient system because both subsystems are in
good conditions. Although the current method of determining the bighorn sheep harvest
rate is adequate for sustaining the bighorn population under the current regime, it does not
consider potential adaptations to plausible rainfall change events. Thus, these scenarios are

useful for wildlife management and policy.
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4. Discussion

The SES resilience approach is a valuable perspective that can be used to consider several
dimensions of the complexity of wildlife management. Wildlife management currently
defines the extraction rate based only on the total population census in BCS and does not
consider the implications of rainfall variability (in the bighorn population or in the damage
to managers’ income), which reduces the ability of managers to prepare for and adapt to
the challenges posed by this specific stressor, thus making this a non-resilient SES. The
proposed model, however, allows for linkages among a species population, its habitat and
management with socioeconomic outcomes. Thus, the dynamic model method is a useful
tool for conceptualizing and operationalizing a social-ecological system and has been
applied for fisheries (Bueno, 2012); however, this approach is not common for wildlife
tourism or modelling adaptation strategies in this context. In addition, resilience is
measured not only by identifying thresholds but also in terms of the maintenance of both
subsystems at the same time and in terms of different adaptive strategies. This finding
implies that the resilience measurement surpassed some of the challenges identified in
other studies (Carpenter et al. 2001) because it is a dynamic measure that can identify
thresholds and incorporate adaptative management scenarios. Moreover, this research
includes the development of an interactive simulation application that can be used by
stakeholders to increase SSE resilience by supporting social learning and dialogue about a
shared problem among stakeholders.

The exploratory analysis for bighorn sheep suggests that a subsystem will cross its
threshold in a given period of time depending on the extent and intensity of the stressor. In

all cases, the implementation of an alternative management strategy is needed to observed
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resilience. However, there are trade-offs regarding specific and general resilience
(Schipper and Langston 2015). In this case, if the system becomes highly resilient to the
rainfall variability stressor, then its general resilience to other events may be reduced.

The assessed adaptive measures include changes in the number of permits and the
introduction of bighorn sheep individuals. However, reducing the number of hunting
permits could be complemented by wildlife watching and photo tourism. From 1922 to
1964, the hunting of this species in Mexico was prohibited (Mellink 1993), which showed
that such prohibition can potentially have negative results by encouraging poaching
(Sandoval 1985). Moreover, wildlife watching, and photo tourism can provide a source of
extra income for managers as the number of hunting permits is reduced. In East Africa,
wildlife watching is one of the attractions for international tourists and accounts for the
majority of their national income from tourism (Tapper 2006).

A bighorn sheep introduction program in the BCS region is a feasible strategy that was
implemented with success in Tiburon Island, Mexico in 1975 (Wilder et al. 2014) and
Carmen Island, BCS, Mexico (1995-2007) (Jimenez and Herndndez 2010). In both efforts
the introduction of bighorn sheep was successful in establishing a viable population and
the species was also translocated to another region of the country. This strategy requires an
evaluation of habitat quality to ensure the survival of the species. The combination of
consumptive (extractive) and non-consumptive (non-extractive) tourism strategies can help
in reducing the damage of water stress until rain seasonality returns to the historical normal.
The tools developed for this analysis represent an initial step towards developing
integrative tools that can address specific management decisions in this type of SSE

context. The current model could be improved by modelling the spatial distribution of the
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species under climate change. A habitat suitability model might add valuable information
by considering both the geographical distribution of the species and its interplay with
vegetation coverage. The supply and demand functions of the model could be improved by
conducting a survey of hunters to identify the determinants of hunting preferences.
Finally, we analyze resilience thresholds by modeling the induction of behavioral patterns
of different water stress behavior. However, a sensitivity analysis could provide a more in-
depth analysis of resilience thresholds to determine the system’s responses to marginal
changes in parameters values (Skonhoft 1998, Scheffer and Carpenter 2003, Scheffer et al.
2009, Schliiter et al. 2011).

Although model precision can always be increased, we believe that this paper enhances our
understanding of non-lineal interactions among the bighorn population and socioeconomic
wellbeing and invites a discussion among stakeholders about how management strategies
could address the effects of the stressor by identifying SSE thresholds and implementing
precautionary management measures.

5. Conclusions

Nonlinear interactions among socioeconomic and ecological variables for wildlife
management under the conditions of climate uncertainty can be addressed by using
complex systems methods. This dynamic model can identify resilience thresholds and
manage SSEs by suggesting management strategies that can obtain positive responses in
both subsystems. Therefore, the proposed social-ecological resilience model provides new

insights for resilience and wildlife management research and environmental policies.
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Appendix 1.
Simulations with three different rainfall variability trends
We conducted a series of experiments to analyze the potential effect of climate change in the
UMA Bonfil. Using equation 7, we analyze 3 different rainfall variability trends:
Archetype 1 u=—0.035,6 =04, 7 =0.19
Archetype 11 u=—0.025,6 =0.38, 71 = 0.12
Archetype 111 u = —0.009, 6§ =0.55, 7 =0.16

using the following parameterization:
Ear, = 0.5+ 1/(1 + e[_6(AHistoricRainfall—1)])

EAr 4= 100e ~*6*LHistoricRainfall

EARI =05+ 1/(1 + e[_6(AHist0ricRainfall_1)])

EARE = 100e ~*6*HistoricRainfall

and the following initial conditions:
Bighorn sheep population in BCS (V') = 586 [number of bighorns]
Bighorn sheep population in ejido (N,) = 126 [number of bighorns]
Hunting permit price from ejido (HPP,) = 70 [USDx1000]
Time step = 0.5 [years]

Time span (t) = 30 [years]
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IV. CAPITULO 3

Modeling Climate Change Impacts on Bighorn Habitat Suitability in Mexico and
Implications for its Management

Abstract

Exploratory analysis for habitat suitability in the future is essential to inform management and
conservation strategies of wildlife species today. We used an ecological niche modeling approach
to examine present climatic niche and potential distribution of bighorn sheep (Ovis canadensis)
populations in Mexico and climate change effects on its potential future habitat suitability and
distribution. Niche models were built with 1,158 georeferenced occurrence records and uncertainty
of climate change was addressed by exploring possible scenarios under four Representative
Concentration Pathways (RCPs) (2.6, 4.5, 6.0 and 8.5) and four different General Circulation
Models (GCM) in a time span of 20 years (2041-2060). This study attempts to lay out numerous
scenarios of change in rainfall and temperature to integrate the uncertainty associated and point
out its importance in the exploration of possible implications in the habitat suitability, conservation
and management strategies of the bighorn at a regional scale. Our results showed that models were
generally robust with an AUC average value of 0.9887. Particularly, the incidence of precipitation
events is important under driest and warmer conditions of the year, and extreme temperatures has
a negative influence. We found that the suitable area of the bighorn sheep in future projections
changed distinctly under different GCMs. Hence, potential habitat suitability in the future is a
multifactorial outcome. When current protection strategies on public and private lands are
inadequate for the conservation of target taxa given projected climate impacts, niche models may
be most useful in directing attention toward locations that may be suitable locations for
conservation under future conditions. This analysis can be extended by considering a wider range
of climatic projections or GCMs, multiple species, exploring strategies that employ an array of
environmental policy options and potential for learning that ease the reframing and refocusing of
goals with which the wildlife management community may need to engage in the face of the
climate change uncertainty challenge.

Keywords

Ecological niche modeling, climate change uncertainty, wildlife management, bighorn sheep
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1. Introduction

For wildlife managers, conserving species in the face of climate change can be a complex
endeavor. As conditions change on the ground, the landscapes that species use now may be
different from the ones are available or they choose in the future. There are a number of ways that
climate change is beginning to impact wildlife. Temperature increases and changes in historical
precipitation patterns can directly affect species depending on their physiology and tolerance of
environmental changes. Climate change can also alter a species’ food supply or its reproductive
timing, indirectly affecting its fitness. Therefore, future climate patterns will likely have strong
impacts on species’ geographic distributions (Garcia et al., 2014). Thus, preserving ecosystems
and species in their current locations may become increasingly difficult because climate change is
emerging as the greatest uncertain conservation challenge of the future (Garcia et al., 2016; Hoegh-
Guldberg et al., 2018). Analyzing these effects is an important step in developing management

strategies that can help species to survive in a changing climate.

Climate change can impact ecosystems directly and indirectly. Direct impacts include ecosystems’
seasonal changes in rainfall and temperature and indirectly impacts include other induced
disturbances such as fires, floods and droughts (Peterson et al, 2015). Moreover, it is suggested
that all those impacts will be spatially and economically differentiated and that wildlife-dependent
households will be particularly threatened (Adger, 2010; Robinson & Bennett, 2001). Therefore,
there are economic losses associated with floods, droughts, and wildfires. The effects of climate
change on biological species can be estimated by comparing temperature and precipitation patterns
and trends in relation to species’ distributional shifts (Peterson & Anamza, 2015). In this regard,
ecological niche modeling (ENM) and Species Distribution Modeling (SDM) have been used as a

tool with which to assess potential impacts of climate change processes on species’ distribution.

ENM/SDM is a suite of methods that characterizes the suitable environmental conditions that
allow species to persist (i.e., its ecological niche). The model of the species’ ecological niche can
be projected to the geographic space to produce a map that represents the distribution of such
suitable conditions, which can be further projected to alternative scenarios, for instance, climate

change scenarios, to produce potential distribution maps under such conditions.
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A particularly symbolic game species in North America is the bighorn sheep. A revision made in
2018 by the Wild Sheep Foundation (2020) of the current management plans for bighorn sheep in
different parts of Mexico, USA and Canada, showed that only two of them mentioned climate
change as an important variable to consider in the management plans. However, they do not
mention how to face this challenge. The main reason is that climate change is uncertain. The
uncertainty associated to climate change increases the challenge for wildlife conservation planners.

In particular, making habitat site selection more difficult.

In Mexico, economically important wildlife species are managed by a federal program called Units
for the Conservation, Management and Sustainable Use of Wildlife (UMAs), which are policy
instruments for conservation and management of flora and fauna species in Mexico. This
conservation and management scheme covers a larger extension than natural protected areas
(Avila-Foucat & Pérez-Campuzano, 2015). The policy aims to generate income for managers in
the community and private lands derived from the conservation of species and their habitat. UMAs
are operated under a management plan approved by the Secretariat of Environment and Natural
Resources (SEMARNAT) to harvest individuals for which there is a continuous monitoring of
habitat and populations. UMAs are either extensive UMAs (species are managed in wild
conditions) or intensive UMAs (species are managed in enclosures or greenhouses). In the
extensive UMAs, population numbers are estimated from field sampling. Bighorn sheep
populations in Mexico are managed in extensive UMAs and they have been estimated by both
aerial and terrestrial surveys. Bighorn sheep have been authorized to be managed in Mexico in the
states of Baja California Sur, Sonora, Coahuila, Nuevo Leon, and Chihuahua since 1996 to date.
The Official Mexican Regulation (NOM) 059-ECOL-1994 considers the subspecies (O. c. weemsi)
as subject to special protection and the Convention on International Trade in Endangered Species

of Wild Fauna and Flora (CITES) includes this subspecies in Appendix II.

This species has not always been managed in the Mexican territory. At the end of the 1800s, the
Mexican federal government initiated a series of wildlife monitoring and found decimated
populations of bighorn sheep, so, at the beginning of the twentieth century, the hunting of the

species throughout the Mexican territory was prohibited. This ban restricted sport and commercial
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hunting but had very little effect on subsistence and opportunistic hunting. In 1964, with the idea
of evaluating the populations of sheep for economic purposes, the hunts were launched. They
sought to increase the knowledge of the species while making a measured hunting use. Ten years
later, the Bighorn Sheep Mexican Program was launched, an estimated of 900 individuals in
Mexico were hunted in the following 15 years with successful economic results for the hunting
organizers, but without benefit for the local communities. In 1996, thanks to the possibilities
offered by the Biosphere Reserve scheme, in conjunction with the UMAs and the Foundation for
North American Wild Sheep (FNAWS), the Bighorn Sheep Mexican Program began in ejido (i.e.,
a communal land tenure category) Alfredo Vladimir Bonfil, located in the El Vizcaino Biosphere
Reserve, in Baja California Sur. The main goal was to implement a conservation program that was
self-sustaining in the long term. The hypothesis proposes that if the sustainable management of
natural resources leaves profits in local communities, and not in the intermediary, it will have a
positive effect on the resources and habitat conservation. Under optimum conditions of sustainable
management, a bighorn specimen can reach a market value in the order of $65,000 USD or more,
so that conservation can become an attractive business scheme for a community or even, in the
long term, for a region. The Bighorn Sheep Mexican Program includes three lines of action to be
developed by both the Program staff and the Reserve’s management: 1) Participatory monitoring
and surveillance; 2) Management of habitat and populations, and 3) Environmental education. A
bank trust was established for the management of the economic resources generated by the
program and all financial decisions are made in the plenary session of a Technical Committee,
made up of federal, state, municipal and ejidal authorities. The program is committed to applying

the resources obtained by hunting to the conservation of natural resources and local wellbeing.

Here, we explore climate change effects on wildlife habitat suitability and show how this
information can be used to guide management decisions under future climate scenarios. This study
describes an application of ENM in the exploration of future climate change scenarios and its
possible implications in conservation and management of Ovis canadensis, an important game
specie in North America. In this exploratory analytic research, the problem can be simplified in
order to better understand the characteristics to explore and experiment with the analytic approach.
Thus, this study focuses on three subspecies (O. c. mexicana, O. c. cremnobatres, O. c. weemsi)

distributed in northern Mexico, which represents one of the most profitable game species in the
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country, with annual revenues of $2, 657, 000 USD in BCS (2011). Uncertainty about future
climate presents a challenge both for scenario development of the ecological impacts of climate
change and for sustainable management of natural resources (Wang et al., 2012). Often,
projections about climate change impacts are based on a single climate change scenario or small
number of GCMs and GHG emission scenario combinations used to represent a wide array of
equally plausible future climates (IPCC, 2007b). These strategies reduce computational effort and
simplify interpretation for decision-makers; however, relying on only one or few arbitrarily
selected climate change scenarios increases the likelihood of producing biased projections. To
incorporate climate uncertainty in this analysis, we first projected the future potential distribution
of bighorn sheep niche using each of a selected subset of climate change scenarios separately; then,
we combined the results of multiple projections into a single ‘consensus’ map on which each pixel
was identified as the environmental conditions most frequently projected across all climate change

scenarios.

The socioeconomic and wildlife population dynamics analysis in the context of climate change
attempts to inform managers about certain constrains in their current and future management
strategies and the potential outcomes of alternative policy decisions prior to acting. These will
enable adaptive management strategies oriented to wildlife conservation by implementing adaptive

policies for the sustainability in the wildlife agenda.

2. Methods

2.1.8tudy Area

This study was conducted in northwestern Mexico. However, the bighorn sheep ranges widely in
western Canada, western United States, and northern Mexico (Figure 1). The original distribution
of this species in Mexico was in the steep hills of the states of Baja California (1), Baja California
Sur (2), Sonora (3), Chihuahua (4), Coahuila (5), and Nuevo Leon (6) (Figure 1, map 2012).
(Medellin et al, 2005). However, populations from the states of Chihuahua, Coahuila, and Nuevo
Leon were eradicated in the last century, and the remaining populations in other areas of Mexico
are highly fragmented (Ceballos & Oliva, 2005). Nowadays, the bighorn populations at Sonora,
Baja California Sur and Baja California are reported to be stable (Lee, 2003).
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Figure 5. Historic distribution of bighorn sheep. Source: Wild Sheep Foundation

2.2.Input data

Ecological niche models need two types of data to calculate habitat suitability; a set of
georeferenced locations where the species has been detected and a set of quantitative raster maps
describing the environmental conditions under which the target species lives. This study uses
climatic variables that are among the most important factors that drive species’ distribution
(Grinnell, 1917; Guisan et al., 2013), especially at large spatial extents, as they have a direct
influence on the behavior and physiology of organisms. They are particularly important for plants,
which cannot evade adverse weather by sheltering or migrating. In this study, animals’ response
to climatic variables is partly indirect through correlations with the vegetation used as food or

shelter.

Occurrence data for the bighorn sheep were obtained from two sources including open access
information from aerial surveys in Mexico (1994-1999, 2016) and from the Global Biodiversity
Information Facility web data base (GBIF.org). Occurrence data were filtered from f 1994 to the
present (2020) and only the subspecies O. c. mexicana, O. c. cremnobatres, O. c. weemsi were
included. The occurrence records were spatially verified to ensure that they were removed from
the database, resulting in 280 georeferenced records. The calibration area (the M region sensu
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Barve et. al., 2011) for these subspecies distributed in Mexico based on the ecoregion in which
they (Escobar-Flores et al., 2015) as these units represent geographic barriers for dispersal of
several species. For O. canadensis in Mexico, the ecoregions selected were California, Baja

California, Sonorense, Altiplano Norte, Tamaulipeca and Sierra Madre Occidental.

Nineteen bioclimatic layers corresponding to annual, seasonal, and extreme aspects of the climatic
patterns that offer a better high-resolution climate data fit than the simple monthly or yearly
averages were downloaded from Chelsa (https://chelsa-climate.org) database for the current and
future period using the time series (1979-2013) and (20141-2060) (Karger et al., 2018) (Table 1).
All layers were downloaded in 30 arc-sec resolution and clipped using the library in R for the
calibration area. Future climate models or GCMs (General Circulation Models) use information
described in scenarios of greenhouse gas (GHG) emissions or RCPs (Representative Concentration
Pathways) to get climate change scenarios. Climate layers were cropped to the M region. The
uncertainty of climate projections was explored using four different RCPs (2.6, 4.5, 6.0, 8.5), in
conjunction with four GCMs (Table 2) in a time span of 20 years (2041-2060). The RCPs reflect
potential emission levels of greenhouse gases projected over the next few decades and ranged from
optimistic scenarios of emission reductions after 2020 (RCP 2.6) to assumptions that emissions

will continue to increase until 2100 (Weyant et al., 1996)

Table 2. Bioclimatic variables used in the ecological niche modeling of Ovis canadensis in Mexico

VARIABLES UNITS

Biol Annual Mean Temperature 1/10 °C
Bio2 Mean Diurnal Range 1/10°C
Bio3 Isothermality *100

Bio4 Temperature Seasonality *100

Bio5 Max Temperature of Warmest Month 1/10 °C
Bio6 Min Temperature of Coldest Month 1/10°C
Bio7 Temperature Annual Range 1/10 °C
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Bio8 Mean Temperature of Wettest Quarter

1/10 °C

Bio9 Mean Temperature of Driest Quarter 1/10°C
Bio10 Mean Temperature of Warmest Quarter 1/10 °C
Biol1l Mean Temperature of Coldest Quarter 1/10 °C
Bio12 Annual Precipitation mm
Bio13 Precipitation of Wettest Month mm
Bio14 Precipitation of Driest Month mm

Biol5 Precipitation Seasonality

Coefficient of variation *100

Bio16 Precipitation of Wettest Quarter mm
Bio17 Precipitation of Driest Quarter mm
Bio18 Precipitation of Warmest Quarter mm
Bio19 Precipitation of Coldest Quarter mm
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2.3.Data Processing

Variables pre-selection

Several highly correlation variables were used as the training part sets to develop the
model, which may disturb the results of variables importance analysis, even the model
performance. Thus, we use the multi-collinearity test (by Pearson Correlation Coefficient)
to analyze the cross-correlation. If the Pearson Correlation Coefficient of two variables |r|
> (.85, which meant they are highly correlation and one of them should be excluded. The
one with high important gain should be retained, as it contains more helpful information to

model contribution.

The covariate correlation analysis was conducted with the R environment (standard R
platform, there is no need to use a package) for assessing multicollinearity among
environmental variables. When two variables had a Pearson correlation coefficient |r| >
0.85, only one of the pair was selected for model development, based on the predictor,

relative importance of each variable and expert knowledge (Table 3).

The predicted model was run for the present time 1979-2013 and then projected for 2041-
2060 in the different RCPs and GCMs. The resulted data and its visualization for future
exploratory scenarios was developed using Tableau version 2018.3, a software for
interactive data visualization.

Table 3. Modeling center or groups that developed the different General Circulation Models (GCMs) and the
Representative Concentration Pathways (RCPs) used in the exploration of future changes in the bighorn sheep niche.

Modeling Center or Group | Model Name ID RCPs

Centre National de RCP 2.6: assumes that
Recherches Météorologiques global annual GHG
/ Centre Européen de emissions (measured in
Recherche et Formation CNMRN-CM5 CM3 CO

Avancée en Calcul 2-equivalents) peak
Scientifique between 2010-2020, with
College of Global Change emissions declining

and Earth System Science, BNU-ESM ESM | substantially thereafter

Beijing Normal University
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LASG, Institute of
Atmospheric Physics,
Chinese

Academy of Sciences and
CESS, Tsinghua University

FGOALS-g2

Commonwealth Scientific
and Industrial Research
Organization in collaboration
with Queensland Climate
Change Centre of Excellence

CSIRO-
Mk3.6.0

Mk3

CM

CMS

RCP 4.5: peak around
2040, then decline

RCP 6.0: emissions peak
around 2080, then
decline.

RCP 8.5: emissions
continue to rise
throughout the 21st
century

To explore the uncertainty among the different GCMs, we used a raster layer (polygons)

of ejidos in Mexico. Using the ejidos polygons as a reference, we were able to identify the

areas with high suitability for the bighorn sheep. The identification of these areas is

important in terms of policy intervention in the conservation of this species. In Mexico,

bighorn sheep’s UMAs are arranged by ejidos and so does the financial support from the

government for habitat management and species conservation. We obtained the suitability

values by ejido and compared changes in the different maps obtained with the average of

GCMs and the different RCPs.
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3. Results

3.1. Environmental variables selection

A covariate correlation analysis showed that 10 environmental variables best explain the
bighorn sheep presence. The variables’ Pearson correlation coefficients threshold was [r| >

0.85

Table 3. Climate variables used for modeling climatic niche.

VARIABLES UNITS
Bio1 Annual Mean Temperature 1/10°C
Bio2 Mean Diurnal Range 1/10°C
Bio3 Isothermality *100
Bio4 Temperature Seasonality *100

Bio5 Max Temperature of Warmest Month 1/10°C

Bio6 Min Temperature of Coldest Month 1/10°C

Bio7 Temperature Annual Range 1/10 °C

Bio8 Mean Temperature of Wettest Quarter | 1/10 °C

Bio9 Mean Temperature of Driest Quarter | 1/10°C

Bio10 Mean Temperature of Warmest 1/10°C
Quarter

Bio11 Mean Temperature of Coldest 1/10°C
Quarter

Bio12 Annual Precipitation mm
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Bio13 Precipitation of Wettest Month mm
Bio14 Precipitation of Driest Month mm
Bio15 Precipitation Seasonality Coefficient of variation
*100
Bio16 Precipitation of Wettest Quarter mm
Bio17 Precipitation of Driest Quarter mm
Bio18 Precipitation of Warmest Quarter mm
Bio19 Precipitation of Coldest Quarter mm

The bolded variables were used in modeling.

Model settings

The Maxent method is based on presence data and a random sampling of background points

in the study region.

The MaxEnt model was run with 5 replicates and 25% of random test percentage, a
maximum number of backgrounds points of 8000, the maximum iterations as 500, and a
regularization parameter value of 0.5, and cloglog output format. The random test
percentage was 25%, which means that 75% of the total database was used as the random
sample to train the model, and other 25% of the total database was used to test the model
predictions. To avoid over-fitting of the test data, we set the regularization multiplier value
as 0.5. The output format was default “cloglog” transform, which has the stronger
theoretical justification than the logistic transform (Phillips et al., 2017). This study used
linear, quadratic, product, threshold, and hinge feature classes (auto features) based on the
number of sample sizes (Phillips & Dudik, 2008). Phillips and Dudik (2008) classified the
features for sample sizes: auto features setting for more than 80 records, quadratic and

hinge setting for 15-79 record, linear and quadratic for 10—14 record, and linear setting for
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sample sizes fewer than 10 records. The Jackknife test (systematically leaving out each
variable) was used to assess the contribution and the importance of each 9 bioclimatic

variables to the model (Table 4).

The ENM established a relationship between the bighorn sheep occurrence and predictor
variables and estimates the present and future climatic niche for the bighorn sheep in
Mexico. The goodness-of-fit test of Maxent model was evaluated by the area under the
threshold-independent receiver operating characteristic curve (AUC) and TSS (Allouche
et al., 2006) based on 5-fold cross-validation method. A suitable habitat map for Ovis
canadensis was produced by utilizing the AUC weight averages of the 5 cloglog output
maps produced by 5-fold cross-validation, in which the relative suitability ranged from 0
to 1. The performance of the final model was measured in terms of average AUC (the area
under the receiver-operating-characteristic curve) ranging between 0.5 and 1 and TSS
ranging between -1 and 1. The AUC and TSS close to 1 means that the predicted model
performs well (Feria et al., 2010). The value of AUC varied from 0 to 1, among which,
that of 0.5 suggests that the models show no predicting capability, while that of >0.7

represents that the models are acceptable

The average AUC value of niche models from cross validation (5 k-fold) was 0.9887,
indicating a high discrimination accuracy between presence and background. Conversely,

the TSS parameter was (0.4955).

Figure 2 shows that the bighorn sheep habitat suitability is currently restricted to the
northwest Mexico (Baja California, Baja California Sur, and Sonora, including the Tiburon
Island). The map only shows high suitability data (0.4 to 0.99) under the current climate
conditions. Baja California (Figure 2, number 1) has the mayor number of ejidos (35) with
a high habitat suitability index. Baja California Sur (figure 2, number 2) has 12 ejidos with
an important suitability, mainly ejido Bonfil. Sonora (Figure 2, number 3) is the third state

with an important habitat suitability in five ejidos, including the Tiburon Island.
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Figure 6. Bighorn sheep habitat suitability in Mexico under
current bioclimatic conditions (Chelsa time series 1979-2013)

The influence of GCMs on ENM matters, especially when the aim of the study is policy
oriented and wildlife management plans are developed based on these. In this example, we
can see that the habitat suitability index changed among GCMs. Then, to decide which
future is more likely, one option to deal with uncertainty is the exploration of all possible
futures. This implies the use of computational approaches that help in the analysis of large
amounts of data. In this study we explored six different GCMs to explore its associated
uncertainty. We compared the suitability of presence in all polygons. Figure 2 shows high
suitability (30-99%) areas in the ejido polygons. The habitat suitability estimated in each
GCM differed. In general, the bighorn sheep habitat availability decreases in the future
specially in the extreme RCP 8.5. It is important to notice that climatic suitability in
important conservation areas, such as Baja California, ejido Bonfil and Tiburon Island,
decreases not only under the less conservative RCP (8.5) but also under RCP 4.6 and 6.9
in almost all GCMs except ESM (Figure 3).
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Figure 7. Bighorn sheep habitat suitability in Mexico under current (Chelsa time series 1979-2013) and future (Chelsa
time series 2041-2060) bioclimatic conditions.
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For an easy interpretation of changes among GCMs, we developed a GCM consensus map

(Figure 4) that incorporates the average values of GCMs. Column three shows the UMA

Bonfil polygon changes in habitat suitability. RCP 8.5 is the scenario of emission with

major changes in the habitat suitability with respect to current environmental conditions

(from 87 to 55%).

BC, BCS, Sonora Baja California Sur

Ejido Bonfil

RCP

Current

Figure 8. Bighorn sheep habitat suitability in polygons with high habitat suitabilityunder GCM average values.

Ejido Bonfil
(H.suitability)

0.87

0.62

0.58

0.61

0.55
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This study found that the suitable area of bighorn sheep changed distinctly in the future
projections; climate change scenarios seem to affect the suitable habitat of bighorn sheep.
Figure 4, column 2 (Baja California Sur), shows that the habitat suitability in the south
polygons in Baja California Sur decreases. However, some polygons in Baja California

increase the habitat suitability mainly under the radical RCP 8.5.

Maxent outcomes gives estimates of relative contributions of the environmental variables
to the model (Table 4). According to these, Bios (17 and 12) are the most contributed

variables in the habitat suitability predictions of Ovis canadensis in Mexico.

Table 4. The contribution of bioclimatic variables in the habitat suitability of bighorn sheep in Mexico by

ejido

Variable name Percent

contribution

Bio17 Precipitation of Driest Quarter 64.3
Biol2 Annual Precipitation 18.6
Bi1009 Mean Temperature of Driest Quarter 4.6
Bioll Mean Temperature of Coldest Quarter 4.3
Bio13 Precipitation of Wettest Month 3.7
Bi008 Mean Temperature of Wettest Quarter 2.5
Biol5 Precipitation Seasonality 2
Bi019 Precipitation of Coldest Quarter 0.1

Therefore, the incidence of precipitation events seems critical for the bighorn sheep, mainly
during the three driest months of the year (Table 4, Bio 17). This means that the bighorn
sheep is more susceptible to decrease in precipitation, specially under driest periods of the
year. Figure 5 also suggests that negative changes the climatic suitability are more drastic
at the Sonorense and Baja Californiana ecoregions, where more than half of the ejidos
present a negative percentage change with respect to the current suitability, while ejidos in
the Californiana ecoregion seems to have a negative percentage change in at least half of
its ejidos. Then, the Californiana ecoregion is where ejidos have a lower decrease in the

bighorn sheep suitability index (Figure 5).
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ECOREGIONS
RCP Baja Californiana Californiana Sonorense

Current

RCP2.6

RCP4.5

RCP6.0

RCP8.5

-0.5 0.0 0.5/-0.5 0.0 0.5/-0.5 0.0 0.5

Prob. of presence change (%) Prob. of presence change (%) Prob. of presence change (%)

Figure 9. Bighorn sheep percentage change in the habitat suitability by ecoregion.

Hence, potential habitat suitability in the future is a multifactorial outcome. In this study
we show that GCMs and RCPs are important dimensions in the uncertainty that models
face when explore future climate conditions. Then, to get a robust exploration of the
possible effects of climate change in the species habitat suitability, it is necessary to
integrate all reliable and available data (GCMs, RCPs and species’ occurrences). This can
lead to a more robust niche model for future habitat suitability analysis with policy-oriented

implications.

We can mention some limitations of the model. For instance, it assumes that the estimated
index for species’ habitat suitability is based on the restrictions imposed by climate
variables. However, there are other sources. Such as biological restrictions including
predators, disease incidence rates; and anthropogenic restrictions including landscape
transformation in to agricultural or urban areas. The present analysis is based on one niche
modeling approach (Maxent). However, different approaches for niche modeling could be

used to compare outputs. A more robust analysis can be developed by considering climate
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projections uncertainty and explore the habitat suitability changes under a wider diversity
of GCMs, here we explored six. The present analysis can serve as a guiding principle to
give us some idea of what the climate conditions might be in the future and how those

futures might impact on the bighorn sheep habitat suitability.

4. Discussion

Precipitation and temperature are undoubtedly two important climate variables influencing
species distributions(Zhong et al., 2010). For bighorn sheep, bioclimatic variables (Biol7,
12, 9) have a positive contribution towards bighorn sheep probability of occurrence. For
instance, extreme temperature can constrain bighorn sheep distribution limits and influence
distribution shifts in many ways. On one hand, in arid regions even a slight decrease in
moisture content, whether through increased temperature and increased evapotranspiration
or through a decrease in precipitation, could have drastic effects on diet quality and
therefore demography. According to this study, precipitation in dry conditions, is
fundamental for bighorn sheep. (Douglas and Leslie (1983) found that precipitation during
gestation account or the largest proportion of variability in lamb survival. Thus,
precipitation apparently plays a large role in reproductive success. Nonetheless, bighorn
sheep in many ranges make extensive use of springs and water holes, occur close to water
during hot summer months (Andrew, 1994), and physiologically depend on ready access

to water during summer (Turner & Weaver, 1980).

Results about polygons with high habitat suitability are particularly important for species
management. Mapping out the possible future habitats could help managers find ways to
prioritize conservation actions in the landscapes they rely on. Knowledge of climate-based
habitat suitability may allow managers and decision makers to focus further efforts on
locations with the highest probability of success. Understanding which populations are
under the most climate related stress could also be critically important in coming decades
to anticipate conservation and management actions. Tingstad et al. (2017) compares static
and adaptive land purchase strategies for conservation purposes of Desmognathus organi

(a salamander). Hence, analysts can help decision makers distinguish future conditions in
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which their plans will perform well from those in which they will perform poorly. This
information can help decision makers identify, evaluate, and choose robust strategies that
perform well over a wide range of futures. Then, new methods must be considered to face
uncertainty of climate change in species conservation and management. For instance,
approaches within the broader field of decision science that aims to help people manage
difficult decisions under conditions of deep uncertainty (Kalra et al., 2014; R. Lempert,
2015; R. J. Lempert et al., 2003, 2006). This approach runs models on tens to thousands of

different sets of assumptions to describe how plans perform in a range of plausible futures.

4.1.Management implications

Climate change may have more complicated or more detrimental effects when competition,
predation, and disease affect the desert bighorn sheep. The use of ecological niche
modeling has important applications for management actions. For future reintroductions of
desert bighorn sheep, managers should consider elevation, steepness and expected
precipitation within the mountain range of consideration. The early identification and
protection of habitat refugia into which future populations of bighorn sheep could be
managed or use as corridors for dispersal, is a management strategy. It can include the
acquisition of conservation lands with greater potential to harbor refugia (Dreiss et al.,
2022; Graziano et al., 2022; Hilty et al., 2020; Tingstad et al., 2017). Managers may want
to consider translocating individuals among areas of occupied habitat or into new habitat,
where appropriate (Langridge et al., 2020b; Ramos et al., 2018). Although translocation is
a controversial management strategy with inherent disease and genetic risks, bighorn sheep
populations have been successfully translocated at Tiburon Island and Carmen Island
(Wilder et al., 2014). Those experiences have shown that it is possible to make a significant

contribution in the specie conservation and sustainable management.

In conservation biology and wildlife management, proactive management and formulation
of conservation status decisions are relevant (Forrest et al., 2012). Particularly, in large
mammalian herbivores that are key drivers of ecosystems’ dynamics. These animals
modify primary production, nutrient cycles, soil properties and fire regimes, which all have

an impact on the ecology of other organisms. Most large herbivores require some type of
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management within their habitats (Danell, 2006). This management plays an important role
in species conservation and in local households when managers get important economic
contribution by sustainably managing those populations. Hence, assessing the effects of
climate change and variability on these populations is essential for the stewardship of
ecosystems and biodiversity (Saba et al., 2012a) and for local livelihoods (Lee, 2008).
Some studies have assessed the impacts of climate change and variability on resources that
support economically important wildlife species (Chidumayo, 2011) especially in fisheries
(Islam et al., 2014a; Sumaila et al., 2011a). However, the impacts of climate change on
global biodiversity and how biological species may (or may not) adapt are yet to be

quantified (Advani, 2014).

We can mention some limitations of the model. For instance, it assumes that the estimated
probability for species’ habitat suitability is based on the restrictions imposed by climate
variables. However, there are other sources. Such as biological restrictions including
predators, disease incidence rates; and anthropogenic restrictions including landscape
transformation in to agricultural or urban areas. The present analysis is based on one niche
modeling approach (Maxent). However, different approaches for niche modeling could be
used to compare outputs. A more robust analysis can be developed by considering climate
projections uncertainty and explore the habitat suitability changes under a wider diversity
of GCMs, here we explored six. The present analysis could be inaccurate in some areas.
But it can serve as a guiding principle to at least give us some idea of what the climate
conditions might be in the future and how those futures might impact on the bighorn sheep
habitat suitability.

This analysis can be extended by considering multiple species, a wider range of climate
projections, strategies that employ an array of environmental policy options and potential
for learning that ease the reframing and refocusing of goals with which the wildlife
community may need to engage in the face of the climate change challenge. A robust
exploration of all available data on the extent to which the future habitat of bighorn sheep
may contract over a wide range of plausible future climate change; can suggests that

compared to a land conservation strategy that focuses on the best estimate future climate,
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an adaptive land conservation strategy might expand the range of climate futures over

which conservation strategies benefit the specie.

5. Conclusions

Estimating how climate change will affect the distribution of bighorn sheep is of vital
importance for management purposes, not only in Mexico, but throughout the range of the
species (Canada, USA). The development of species’ niche models and projections under
future climate change is one of the most useful tools to predict changes in species
distribution at the global scale (Cheung et al., 2016; Pereira et al., 2010). However, models
at local and regional scales are needed to better understand species-climate dynamics. In
the context of wildlife management, it could be a great contribution for management
planning and conservation. In this study, the niche model captured observations and
reflected the expansion and contractions of bighorn sheep habitat according to climate
variability (Figure 2). Our results indicated that the habitat suitability projected overall will
be reduce under less conservative RCPs by the end of this century, potentially leading to

significant ecological and socioeconomic impacts.

Specific guidance related to climate change effects, such as the identification of future
habitat suitability, aids in overall conservation planning efforts for managers with limited
time and resources. It is also a useful approach to inform about possible management
adaptations that can help sustain the economic activities and social benefits derived from
the wildlife conservation. It was not possible to get an estimation of costs associated to
management and conservation strategies mentioned in this paper because these proyects
are financed by different programs, national, international an local programs. By instance,
the amount of money already spent for other species’ conservation programs such as
Antilocarpa americana peninsularis in Mexico is anly mentioned by the director program

as an expensive one.

Managing climate uncertainty in conservation planning is a topic of increasing interest.

Predictions for species’ habitat availability in the future can be highly sensitive to climate
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projections, which are deeply uncertain. At present, many conservation plans do not
quantitatively consider model uncertainty (Spencer & Janzen, 2010). In wildlife
management decision-making, the representation of key uncertainties in climate
projections is essential, i.e. those relating to future GHG emissions, models’ ability to
simulate the climate response to changing greenhouse gas concentrations and natural
climate variability. Our ability to simulate climate change and natural variability is,
however, only quantifiable through consideration of the outputs from multiple models of
the climate systems, i.e. multiple GCMs. Thus, the consideration of the spread of GCMs is
fundamental to all climate change research. The complexity of many techniques to analyze
climate change impacts often means a limited set of emission scenarios (RCPs) and GCMs.
This leads to a restricted depiction of the climate change signal currently thought of as
plausible. When research feeds into policy development, considering the relevance of the
change signal to the application as well as representation of key uncertainties are central to

the credibility of the projection.

Hence, when current protection strategies on public and private lands are only based on
projected climate impacts, they could be inadequate for the conservation of target taxa.
Then, the combination of climate projections and niche models may be most useful in
directing attention toward locations that may be suitable for conservation under future
conditions (Ashcroft, 2010; Ramirez-Villegas et al., 2014) .Predictions of where to locate
new reserves, or where to focus landowner incentive programs, become stronger with the
use of different future scenarios to suggest robust locations for conservation action. In this
case, it is highly likely that climate niche model would be used to identify the landscape of
conservation opportunity, and this is likely the strong suit of niche models (Schwartz,

2012).

Despite limitations, this study highlights the importance of integrating analytical tools such
as ENM/SDM in the wildlife management agenda to explore climate uncertainty in
conservation planning. However, addressing risks for climate change impacts in bighorn
sheep populations will require in-depth knowledge of ecological processes (interactions

among species, monitoring land use practices and specie’s responses to these changes) and
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cross-scale adaptation policies at a national, regional, and international scale (Canada, USA

and Mexico).
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V. DISCUSION

Muchos de los trabajos de investigacion en torno al aprovechamiento del borrego cimarron
se han enfocado en un solo aspecto del sistema de aprovechamiento. Se han hecho
esfuerzos muy valiosos por analizar los aspectos sociales (ganaderia, agricultura) que
afectan a la calidad del hébitat de la especie (Saavedra et al., 1999; Valdés-Alarcon &
Segundo-Galéan, 2011). Ademas de aquellos enfocados en la alimentacion (O Farril, 2003;
Tarango et al., 2006); en la estructura poblacional; en la genética poblacional; en el hébitat
(Alvarez-Cardenas et al., 2009; Contreras & Espinosa, 2010; DeCesare & Pletscher, 2006;
Escobar-Flores et al., 2015; Gonzalez-Saldivar et al., 2012; Guerrero-Cardenas et al., 2003;
Heftelfinger & Marquez-Mufioz, 2005; Lindig et al., 2006; Manterola, 2001; Manterola y
Pifia, 1999; Mckinney et al., 2003; Mesa, 2013; Rodriguez-Rios & Garcia-Péez, 2017;
Roman, 2012; Ruiz, 2014; Saavedra et al., 1999; SAGARHPA, 2012; Schoenecker, 2004);
en las enfermedades (Mckinney et al., 2003); en la sobrevivencia ante estrés hidrico
(Colchero et al., 2009), entre otras. Para el caso de las poblaciones de borrego cimarrén en
territorio mexicano existen trabajos que analizan esquemas de aprovechamiento de la
especie con un enfoque de conservacion (Huerta-Garcia et al., 2015; Valdés-Alarcon &
Segundo-Galéan, 2011) e incluso en términos de derrama economica (Huerta-Garcia et al.,
2015); evaluacién de las UMAs (SEMARNAT, 2012). Sin embargo, hasta el momento no
se han encontraron trabajos que hayan integrado las dimensiones ecologica y
socioeconomica en torno a la actividad cinegética y mucho menos trabajos que exploren
los efectos del cambio climético en la estrategia/politica de aprovechamiento de la especie.
La falta de este tipo de investigacion responde en gran medida a que los esfuerzo de
formalizar la interdependencia o entrelazamiento de los SSEs plantea desafios en la
logistica de obtencion de datos y recursos para obtener datos empiricos. Ademas, se suma
el desafio de comprender y gestionar sistemas de aprovechamiento ya sean terrestres o

acuaticos debido a su dinamismo inherente.
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1. Aportacion metodoldgica

El método de DS implementado en el desarrollo del modelo de simulacion, permitid
formalizar y operacionalizar las relaciones, retroalimentaciones e interacciones socio-
ecoldgicas que determinan el estado del SSE frente al cambio climatico. Este resultado va
mas alld de un modelo ecoldgico que incorpora la accion humana como variable externa,
o un modelo econdmico que considera a los ecosistemas como un insumo para una funcion

de produccion.

Este trabajo también permiti¢ identificar los desafios y oportunidades en la implementacion
de modelos computacionales de simulacidn para el analisis en SSEs. En primer lugar, los
modelos de DS tradicionalmente no requieren investigacion de campo (entrevistas o
encuestas) para generar los diagramas causales y de flujo del sistema que analizan,
generalmente se plantean los componentes y relaciones entre ellos basados en la literatura.
Sin embargo, en esta investigacion, la interaccidon con los agentes (ejidatarios, entidades
federales (CONAMP y expertos) del sistema permitid la coproduccion del modelo en el
cual se plasma la percepcion de los agentes sobre la problematica mas importante que ellos
identifican (el cambio climatico). Al respecto, (Schliiter, Miiller, et al., 2019) enfatizan el
potencial que tiene la coproduccion de modelos computacionales ya que mejora el
entendimiento del sistema en general, asi como el entendimiento del problema de acuerdo
con la percepcion de los participantes. Esto también incrementa el desarrollo de estrategias
para resolverlas y también facilita la exploracién de probables consecuencias socio-

ecoldgicas en las decisiones o politicas (Lynam et al., 2007).

Adicionalmente, la modelacion desde el enfoque de DS ayudé a identificar la importancia
de capturar con mayor detalle o “realismo” la dinamica de la especie ante los efectos del
cambio climatico. Como estrategia metodologica para incrementar el “realismo” en el
modelo de DS, este trabajo no solo recurri6 al uso de ecuaciones diferenciales o integrales
como tradicionalmente se disefian estos modelos, también se empled el uso de un modelo
de aptitud de hébitat o modelo de nicho ecoldgico del borrego cimarrén para integrar los
desafios del cambio climatico en el SSE. (Abbot & Hadzikadi¢, 2016) sefialan que la

combinacion o hibridacidon de enfoques de modelacion contribuye a reducir el nivel de
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abstraccidn que presentan los modelos basados en la DS y a incrementar la comprension
de las retroalimentaciones sociales y economicas en los modelos frente a estresores
externos (en este caso, el cambio climatico). La modelacion de nicho ecologico se
considera un método que permite estimar con mayor rigor los efectos del cambio climatico
en la aptitud del héabitat de la especie a través de un indice el cual, toma en cuenta los rangos
de tolerancia de la especie en la region de interés y las proyecciones de cambio climatico
desarrolladas por distintos grupos de investigacion alrededor del globo. Este método se ha
implementado con objetivos de conservacidon en diferentes especies (Hirzel et al., 2006;

Velazquez & Heil, 1996).

Adicionalmente, se identifico que la dindmica de oferta y demanda de permisos de caceria
requiere mayor detalle. Se propone que, para mejorar el modelo en una siguiente fase, se
pueden estimar de manera rigurosa las elasticidades de la demanda a través de la

disponibilidad a pagar por parte de los cazadores.

Una posible expansion del modelo de simulacidn planteado en este trabajo de investigacion
supone el desarrollo de un Modelo Integrado de Evaluacion (MIE), el cual podria integrar
vincular (comunicar) al modelo de nicho ecolégico con el modelo de DS a través de la
sustitucion de la variable de estado que caracteriza la dinamica de la poblacion de borrego
cimarron en el ejido Bonfil por el valor de salida (indice de aptitud de hébitat) en el
poligono de cada UMA de borrego cimarrén y ejidos (Figura 1). Es decir, expandir el MIE

a los ejidos que realizan esta actividad en el pais.

Cambio
climatico

4

MODELO DE | " ="
NICHO ‘

UMA Area /
\ 3 Harvest Rate.
Bighom Presence 5 UMA Hunting Permit

UMA Proportion. UMA
' -
Bighom Presence.

Bighom Male
Proportion Bighorn Harvest Rate
Change.inSighting  Bighom Sighting BapSar
UMA - -
BIMHIM’HK\ e W ,‘Suwl,ml vy
Managament - \
NG E= Hunting Permit Price|  Gross Income.
—_ From Hunting
. * Hunting Permit in.Hunting. ' ' Permits UMA
P — T A
Bewd Yy (
LN

116



2. Aportacion en la gestion de la resiliencia y sostenibilidad del sistema de
aprovechamiento del borrego cimarron en México

2.1. Estrategias o politicas de gestion adaptativas

El manejo de la vida silvestre actualmente define la tasa de extraccion basandose solo en
el censo de poblacion total en BCS y no considera las implicaciones de la variabilidad de
la precipitacion (en la poblacion de borrego cimarrén o en el dafio a los ingresos de los
ejidatarios), lo que reduce la capacidad de los ejidatarios para prepararse y adaptarse a los
desafios planteados por este factor estresante especifico. Esta caracteristica convierte al

sistema de aprovechamiento en un SSE no resiliente.

El anélisis exploratorio del sistema de aprovechamiento del borrego cimarrén sugiere que
la esfera o subsistema ecoldgico cruzard su umbral en un periodo de tiempo determinado,
dependiendo de la extension y la intensidad del factor estresante (capitulo 2, Tabla 1). En
todos los casos, se necesita la implementacion de una estrategia de gestion alternativa y
adaptativa para atender la sostenibilidad y resiliencia del SSE en el tiempo (capitulo 2,

Tabla 1).

Ademas, la resiliencia se mide no solo identificando umbrales sino también en funcion del
desempefio Optimo de ambos subsistemas al mismo tiempo y en funciéon de la
implementacion de diferentes estrategias de adaptacion. Este hallazgo implica que la
medicion de la resiliencia socio-ecoldgica tiene desafios particulares para integrar a ambas
dimensiones o esferas (Carpenter & Gunderson, 2001) al tratarse de una capacidad medida
en términos dindmicos que puede identificar umbrales e incorporar escenarios de

estrategias o politicas de gestion adaptativa.
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2.2. Andalisis espacial de la aptitud del habitat del borrego cimarron

Los resultados sobre poligonos con alta aptitud de héabitat son particularmente importantes
para la gestion espacial del sistema de aprovechamiento del borrego cimarron. La
identificacion de los posibles habitats futuros podria ayudar a los ejidatarios y tomadores
de decisiones a encontrar formas de priorizar las acciones de conservacion en los paisajes
de los que dependen. El conocimiento de la aptitud del hdbitat basado en el cambio
climatico puede permitir que los ejidatarios y los responsables de la toma de decisiones
concentren esfuerzos adicionales en lugares con la mayor probabilidad de éxito en la
conservacion de la especie frente al cambio climatico. Comprender qué poblaciones estan
bajo el mayor estrés climatico también podria ser de vital importancia en las proximas
décadas para anticipar las acciones de conservacién y gestion de estos sistemas de
aprovechamiento. Por lo tanto, los analistas pueden ayudar a los tomadores de decisiones
a distinguir las condiciones futuras en las que sus estrategias o politicas funcionaran bien
de aquellas en las que tendran un desempefio deficiente en términos de sostenibilidad socio-
ecoldgica. Esta informacion puede ayudar a los tomadores de decisiones a identificar,
evaluar y elegir estrategias o politicas robustas con un mejor desempefio en una amplia

gama de futuros

Para futuras reintroducciones del borrego cimarrdn, los ejidatarios deben considerar la
precipitacion esperadas dentro de los parametros de elevacion de la cadena montafiosa en
la cual se ubica geograficamente su ejido. Es de particular interés la identificacion y
proteccion temprana de refugios de habitat idoneo para plantear estrategias o politicas de
gestion. Por ejemplo, definir areas en las que futuras poblaciones de borrego cimarrén
podrian aprovecharse o incluso areas que pueden emplearse como corredores de dispersion.
Otra estrategia o politica puede incluir la adquisicion de tierras de conservacion con mayor
potencial para albergar refugios (Tingstad et al., 2017). En este contexto, los ejidatarios
pueden considerar la posibilidad de trasladar individuos de borrego cimarron entre areas
geograficas idoneas. Aunque la translocacidon es una estrategia de manejo controvertida
con enfermedades inherentes y riesgos genéticos asociados, las poblaciones de borrego

cimarrén se han translocado con éxito en las islas Tiburén y Carmen. Estas experiencias
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han demostrado que es posible hacer una contribucidn significativa en la conservacion y el

manejo sostenible de las especies. Lo cual supone también la sostenibilidad del SSE.

Estas estrategias juegan un papel importante tanto en la conservacion de especies como en
los hogares rurales cuando los ejidatarios obtienen una contribucidén econémica importante
al manejar esas poblaciones de manera sostenible. Por lo tanto, evaluar los efectos del
cambio climatico y la variabilidad en las poblaciones es esencial para la gestion sostenible
y resiliente de los ecosistemas y la biodiversidad (Saba et al., 2012b) y también para la
sostenibilidad y resiliencia de los medios de vida locales. Algunos estudios han evaluado
los impactos del cambio climatico y la variabilidad en los recursos que sustentan especies
de vida silvestre econdémicamente importantes (Chidumayo, 2011), especialmente en la
pesca (Islam et al., 2014b; Sumaila et al., 2011b). Sin embargo, los impactos del cambio
climatico en la biodiversidad global y como las especies bioldgicas pueden (o no) adaptarse

aun no se han cuantificado (Advani, 2014).

3. Desafios en la implementacion de modelos integrados de evaluacion para el
analisis robusto de la resiliencia socio-ecoldgica.

Una evaluacion estd integrada cuando presenta un conjunto de informacion mas amplio
que el que normalmente se deriva de una actividad de investigacion estandar o un solo
enfoque (i.e. econdémico o ecoldgico). Debido a que las evaluaciones integradas reinen y
resumen informacién de diversos campos de estudio, a menudo se utilizan como
herramientas para ayudar a los tomadores de decisiones a comprender problemas

ambientales muy complejos.

Las dos caracteristicas esenciales de una evaluacion integrada del cambio climéatico son 1)
que busca brindar informacion util a los tomadores de decisiones en lugar de simplemente
promover la comprension por si misma; y 2) que reine un conjunto mas amplio de areas,
métodos, estilos de estudio o grados de certeza, de lo que tipicamente caracterizaria un

estudio del mismo tema dentro de los limites de una sola disciplina de investigacion.
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Los modelos de evaluacion integrados generalmente incluyen modelos de ciencias fisicas
y sociales que consideran variables demograficas, ecoldgicas, politicas y econdmicas,
escenarios de emisiones, ademas de modelos del sistema climatico fisico. En este contexto,
uno de los desafios que enfrentd este proyecto fue el acceso a la capacidad de computo
necesaria para procesar grandes cantidades de datos (1.3 TB) dado que fue necesario el uso
de:

e Modelos de circulacion general (GCMs)

e Escenarios de emisiones (RCPs)

e Datos socioecondmicos

e Datos poblacionales
La importancia de integrar la mayor cantidad de informacién disponible (GCMs, RCPs)
radica en la diversidad de supuestos que integran. Estos modelos no solo deben proyectar
coémo cambiard el clima en el futuro, sino que también deben anticipar como evolucionara
la sociedad independientemente de si el clima cambia. Se utilizan diferentes supuestos
sobre la tasa de crecimiento de la produccidon econdmica, la poblacion y el uso de
combustibles fosiles; asi como diferentes supuestos sobre como respondera el ambiente al
cambio climatico. Dada la incertidumbre asociada, es deseable generar un andlisis lo mas

robusto posible.

El modelo integrado de evaluacidon que se plantea en una proxima etapa de este proyecto
consta de alrededor de 3.5 TB de informacion, la cual debe ser procesada. El requerimiento
computacional que logréd satisfacer las necesidades de este estudio durante la
implementacion del modelo de disponibilidad de habitat fue un servidor de 100 nticleos y

el tiempo total para generar los resultados del modelo fue de 24 horas continuas.
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VI. CONCLUSIONES

Se reconoce la necesidad de mirar mas alld de la capacidad de resiliencia especifica en un
solo ejido, y para hacerlo, primero es importante mejorar nuestra comprension sistémica
con un enfoque socio-ecologico. El método de modelacidén de DS permitid sentar la base
para la futura expansion del modelo hasta donde los objetivos de las nuevas preguntas de
investigacion lo requieran. La importancia de este estudio radica en la incorporacion de la
teoria de la resiliencia en SSEs en la modelacién dinamica empleando datos empiricos para
explorar las disyuntivas en el aprovechamiento sostenible de una especie de vida libre e
informar en la planificacién de su aprovechamiento bajo condiciones de estrés hidrico en

la region, lo cual implicé la identificacién de aspectos criticos o umbrales en la gestion.

Actualmente, el sistema de aprovechamiento de borrego cimarrén en México no cuenta
con una estrategia enfocada en enfrentar las complicaciones socio-ecoldgicas que el
cambio climatico podria generar en el aprovechamiento sostenible de la especie en el
futuro. Sin embargo, en términos generales, la poblacion de borrego cimarrén en Baja
California Sur es particularmente susceptible a los periodos mas secos del afio. Debido a
la ausencia de lluvia en este periodo, la poblacion se mueve en busca de zonas menos
calidas y con mas probabilidad de encontrar agua y alimento. Por lo tanto, la exploracion
temprana de circunstancias adversas para la conservacion y aprovechamiento de la especie
es de particular importancia para su gestion. Ademads, dado que el ingreso por venta de los
permisos de caceria es importante para los hogares de socios de la UMA, el conocimiento
sobre las posibles implicaciones del cambio climatico en la poblacion de esta especie es de
mucha utilidad, principalmente para el disefio de estrategias o politicas de manejo que
logren adaptarse a las condiciones cambiantes del clima y para poder mantener los
beneficios (la sostenibilidad) tanto socioecondmicos como de conservacion de una especie
emblematica. Al respecto, el modelo exploratorio dindmico, sugirid que, ante un estrés
hidrico muy prolongado, la especie tendera a migrar hacia zonas con mejores condiciones.
Por su parte el modelo de nicho ecoldgico confirma que la existencia de precipitacion en
los meses mas secos es un factor muy importante para la especie, de tal forma que, es poco
probable encontrarla en zonas donde la ausencia de precipitacion es muy prolongada. En

un escenario en el que el estrés hidrico se prolonga 10 afios, la interrupcion de la caceria
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deportiva no es suficiente para permitir la recuperacion de la poblacién de borrego
cimarron en Baja California Sur. El esfuerzo de las estrategias o politicas de manejo de la
especie y gestion del sistema de aprovechamiento bajo circunstancias muy extremas se
tendria que enfocar en la conservacién implementando estrategias o politicas alternas ya
probadas con éxito para la misma especie tales como: la reintroduccién o translocacion.
Por lo tanto, se identificd que es igualmente importante el planteamiento detallado de
posibles estrategias de politica alternas para el manejo y gestion de la resiliencia y

sostenibilidad de estos sistemas.

Las tendencias actuales en el uso de los datos a través de técnicas como la mineria de datos,
algoritmos de inteligencia artificial, aprendizaje de méaquina hacen posible un analisis
robusto de problemas complejos, y generan un nicho de oportunidad para el desarrollo de
modelos integrados de evaluacion. Sin embargo, la inversiéon en capital humano y
capacidad computacional siguen siendo altos. Actualmente, los cientificos de datos tienen
perfiles académicos multidisciplinarios, lo cual sigue siendo costoso en términos de
inversion en capital humano. Ademas, no todos los departamentos de ciencias sociales
cuentan con un darea con las capacidades computacionales requeridas para la
implementacion de estas técnicas. Por otro lado, en términos de obtencion de datos de
fuentes primarias, se observo que existe un area de oportunidad en los ejidos de BCS que
pagan por el monitoreo aéreo cada dos afios. Dado que no cuentan con una base de datos
(en papel o digital), esto los limita en su capacidad de respuesta cuando es necesario el uso
de los datos poblacionales para toma de decisiones consensuadas internamente, para la
entrega de los informes anuales en tiempo y forma, e incluso para solicitar analisis externos

de sus datos (consultoria).

Se concluye que el desarrollo de modelos numéricos de simulacién que permitan el uso de
toda la informacion disponible y que permitan la exploracion de las trayectorias de los
SSEs ante la influencia de sus principales estresores es una forma de sumar esfuerzos en el
disefio de politicas adaptativas para impulsar la sostenibilidad socio-ecoldgica de los

sistemas de aprovechamiento de recursos naturales frente al cambio climatico (W. Adger,
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2000; Armitage et al., 2012; Nelson et al., 2007) . Un area de investigacion medular para

las ciencias de la sostenibilidad (Kates, 2001).
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