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RESUMEN

El cambio de uso del suelo y cambio climatico destacan entre los principales
factores forzantes del cambio ambiental global, debido a que afectan aspectos
claves del sistema terrestre cuyo adecuado funcionamiento sustenta importantes
servicios ecosistémicos. A nivel global, mas de la mitad del agua generada a
través del proceso de escorrentia es usada por el hombre. En el centro-sur de
Chile, la principal fuente de abastecimiento hidrico corresponde a cursos de agua
superficial cuya recarga depende del régimen de precipitaciones. En las ultimas
décadas muchas de las cuencas que proveen estos servicios ecosistémicos, han
sido sometidas a intensos cambios en el uso del suelo como la tala de bosques
nativos y la forestacion masiva con especies exoticas de rapido crecimiento. El
objetivo de este trabajo fue evaluar el efecto del cambio de uso/cobertura del
suelo, ocurrido en el centro sur de Chile sobre el recurso hidrico, asi como su
vulnerabilidad ante posibles escenarios de cambios de uso de suelo y cambio

climatico.

El modelo SWAT fue implementado para predecir el impacto en la respuesta
hidrologica de las cuencas de los rios Andalién, Quino y Muco con disponibilidad
de datos hidro-meteorolégicos de mas de 30 afos. Para ello se simularon 16
escenarios combinados de uso/cobertura de suelo y periodos climaticos. El efecto
del cambio de uso/cobertura del suelo sobre la respuesta hidrolégica en anos
pasados se analizd utilizando los escenarios LU_1986, LU 2001 y LU_2011.
Mediante un analisis de distribucion t de Student para muestras relacionadas se

pudo determinar la ocurrencia de graves disminuciones en los caudales entre los
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escenarios modelados respondiendo a un aumento de las plantaciones forestales
y agricultura con una disminucion del bosque nativo y matorrales en las tres
cuencas de estudio en diferentes magnitudes. Se determind ademas que los
cambios ocurridos provocaron el aumento significativo de la evapotranspiracion
anual (+4.2%, +2.4% y +4.2%) con una disminucion de la percolacion (-15.6%, -
11.0% y -12.2%) y el flujo subterraneo (-2.4%, -15.0% y -10.1%), conduciendo a la
disminucién del rendimiento hidrico (-1.3%, -4.5% y -5.3%) en las cuencas

Andalién, Quino y Muco respectivamente.

Los escenarios pasados de cambio de uso/cobertura del suelo de los afios
1986, 2001 y 2011 fueron posteriormente considerados para la simulacién del
escenario futuro de expansion forestal al ano 2051. Este proceso se llevé a cabo
por medio del modelo de regresion logistica siguiendo los patrones de crecimiento
de las areas de plantaciones forestales y considerando la actual legislacion sobre
la proteccion del bosque nativo. Para este analisis se seleccionaron las cuencas
Quino y Muco por presentar mayores posibilidades de cambio ante un escenario
forestal futuro. EI cambio porcentual proyectado para las cuencas Quino y Muco
entre 2011 y 2051 prevé un aumento considerable de las plantaciones forestales
en un 8.1% y 14.1% lo que representa una ocupacion del 35.4% y el 22.3% del
total de las areas de las cuencas respectivamente para este ano. Por su parte este
escenario de aumento en las plantaciones forestales proyecta una sustituciéon
principalmente de los terrenos agricolas (2.1% y 7.01%), matorrales (3.4% y

4.3%), y praderas (2.9% y 2.9%) para Quino y Muco respectivamente.
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Finalmente, para el analisis individual y combinado de los efectos de los
cambios de uso/cobertura del suelo (LUCC) y el cambio climatico sobre la
hidrologia de las cuencas, se determiné un escenario histérico con el LU_2011
para un periodo climatico de 1976-2005, el cual fue comparado con cinco
combinaciones de cambios futuros. Se utilizé el modelo climatico local RegCM4-
MPI-ESM-MR para determinar los periodos de cambio climatico: 2020-2049 (futuro
inmediato) y 2050-2079 (futuro intermedio), bajo la proyeccion del escenario
climatico futuro RCP 8.5. Mientras que el escenario proyectado de expansion

forestal se utilizé6 como escenario futuro de cambio de uso/cobertura del suelo.

Los resultados muestran que los LUCC futuros y el cambio climatico en su
efecto individual y combinado conducirian a escenarios de menos rendimiento
hidrico. La mayor sensibilidad en estas cuencas estaria asociada a los posibles
LUCC, agudizando su impacto al incorporar el efecto del cambio climatico. De este
modo, el aumento de la evapotranspiracion y la disminucion del rendimiento
hidrico se deben fundamentalmente al aumento de plantaciones forestales
proyectado. Esto, unido al aumento de las temperaturas en 1.5°C y la disminucion
de la precipitacion en 127mm y 140mm para las cuencas Quino y Muco
respectivamente, afectaria la disponibilidad del recurso hidrico en las cuencas de
estudio en caso de cumplirse las condiciones supuestas en la simulacion en el
futuro, presentando efectos en todos los componentes del ciclo hidrolégico y con
disminuciones del rendimiento hidrico de la cuenca de hasta -6.18% y 5.53 %

respectivamente.
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ABSTRACT

Land use and climate change stand out among the main forcing factors of
global environmental change, because they affect main aspects of the terrestrial
system whose proper functioning supports important ecosystem services. Globally,
more than half of the water generated through the runoff process is used by man.
In south-central Chile, the main source of water supply corresponds to surface
water courses whose recharge depends on the rainfall regime. In recent decades,
many of the watersheds providing these ecosystem services have been subjected
to intense changes in land use, such as the cutting down of native forests and
massive afforestation with fast-growing exotic species. The objective of this work
was to evaluate the effect of land use/cover change, which occurred in the south
central zone of Chile, over the water resources, as well as its vulnerability to

possible land use changes and climate change scenarios.

The SWAT model was implemented to predict the impact on the hydrological
response of Andalién, Quino and Muco river basins with availability of hydro-
meteorological data for more than 30 years. For such purpose, 16 combined
scenarios of land use/cover and climatic periods were simulated. The effect of the
land use/cover change (LUCC) on the hydrological response in past years was
analyzed using the LU_1986, LU_2001 and LU_2011 scenarios. Through a
Student's t distribution analysis for related samples, it was possible to determine
the occurrence of significant flows decreases between the modeled scenarios,
related to an increase in forest plantations and agriculture with a decrease in native

forest and scrub uses in different magnitudes in the study watersheds. It was also
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determined that such changes caused a significant increase in annual
evapotranspiration (+ 4.2%, + 2.4% and + 4.2%) with a decrease in percolation (-
15.6%, -11.0% and -12.2%) and the flow underground (-2.4%, -15.0% and -
10.1%), leading to a decrease in water yield (-1.3%, -4.5% and -5.3%) in the

Andalién, Quino and Muco basins respectively.

The historical land use scenarios from 1986, 2001 and 2011 were then
considered to simulate the future scenario of forest expansion to the year 2051.
This process was carried out through a logistic regression model following the
growth patterns of forest plantation areas considering also the current legislation
on the native forests protection. For this study stage were selected Quino and
Muco as they present greater change possibilities to present a forest expansion
scenario in the future. The percentage change projected for Quino and Muco
basins between 2011 and 2051 predict a considerable increase in forest
plantations by 8.1% and 14.1%, which represents a total area use of 35.4% and
22.3% of the basins respectively. Additionally, this scenario of forest plantations
increase involve the substitution of agricultural land (2.1% and 7.01%), scrubland
(3.4% and 4.3%), and grasslands (2.9% and 2.9%) for Quino and Muco

respectively among other.

Finally, in order to analyze the individual and combined analysis of LUCC and
climate change, a historical scenario was determined with LU_2011 for a climatic
period of 1976-2005 which was compared to five combinations of future changes.
The local climate model RegCM4-MPI-ESM-MR was used to determine the climate

change periods: 2020-2049 (immediate future) and 2050-2079 (intermediate
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future), under the projection of the RCP 8.5 future climate scenario. Meanwhile the
projected forest expansion scenario was used as a future scenario of land

use/cover change.

The results show that future LUCCs and climate change in their individual
and combined effect would lead to scenarios of less water yield. The greater
sensitivity in these basins would be associated with the possible LUCCs, besides;
the effect could be increased when adding the climate change effect. Thus, the
increase in evapotranspiration and the decrease in water yield can be mainly
attributed to the projected increase in forest plantations. This, together with the
increase in temperatures by 1.5 ° C and the decrease in precipitation by 127mm
and 140mm for Quino and Muco basins respectively, would affect the water
availability in the study basins if the conditions assumed in the simulation are met
in the future, presenting effects over every hydrological cycle component with
consequent decreases in the basins” water yield up to -6.18% and -5.53%

respectively.
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INTRODUCCION

CAPITULO I. INTRODUCCION

Junto al creciente desarrollo econdémico, el deterioro del medio ambiente se
hace cada vez mas serio, afectando las funciones naturales de los ecosistemas y
limitando sus beneficios a futuro. En este sentido cobran relevancia los servicios
ecosistémicos y su importancia para el bienestar humano, estos han ganado un
amplio reconocimiento en las ultimas décadas al punto de ser incorporados, a la
agenda politica y cientifica internacional como una forma de apoyar la proteccion
ambiental y el uso eficiente de recursos escasos (Maes et al., 2016). Como fuera
destacado en la Evaluacion de los Ecosistemas del Milenio (MA 2005), los
ecosistemas dulceacuicolas proveen diferentes servicios, incluyendo los de
provision (alimentos, agua, fibras), regulacion (clima, hidrologia, purificacion),
culturales (espirituales, recreativos) y de soporte (transporte de sedimentos, ciclos
de nutrientes). Dichos servicios ecosistémicos dependen de complejos vinculos
entre el agua, suelo, uso del suelo y clima (UNEP 2012). Los cambios en el uso del
suelo y el clima son considerados dentro de los cambios ambientales globales mas
importantes y dificiles que la civilizacion enfrenta. Estos destacan entre las
actividades antrépicas que han inducido severas afectaciones en los componentes
del ciclo hidrolégico, provocando una creciente escasez de los recursos (Adugna y
Abegaz., 2016). Dicha situacién pone de manifiesto la urgente necesidad de
establecer estrategias de manejo sustentable de los recursos hidricos. Sin
embargo, una gestion integrada a escala de cuenca, bajo condiciones de demanda

creciente y disponibilidad cambiante, puede ser exitosa solo si los tomadores de
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INTRODUCCION

decisiones cuentan con un soporte cientifico y técnico adecuado. En este sentido,
la tarea de los cientificos es proporcionar el conocimiento y las herramientas para
una adecuada administracion de los recursos hidricos (Yang et al., 2005). Existe,
por consiguiente, la imperiosa necesidad de evaluar los efectos de la accion
antropica sobre los componentes del ciclo hidrolégico, para asegurar un suministro
de agua sostenida en el tiempo, que satisfaga multiple usos y sea compatible con

las funciones de los ecosistemas acuaticos.

I.1. Cambio de uso/cobertura del suelo un cambio ambiental global

El cambio de cobertura (atributos biofisicos) y uso del suelo (utilizacién de sus
atributos) son causa y consecuencia del cambio ambiental global (Song et al.
2018). A pesar de que tradicionalmente los LUCC son considerados como una
practica humana a escala local, estos inducen alteraciones a procesos globales
tales como el balance energético de la superficie terrestre, el ciclo del carbono, el
ciclo del agua y la diversidad de especies (Foley et al. 2005, Song et al. 2018). En
efecto, cada vez hay mayores evidencias cientificas que demuestran sus efectos a
escala global (Foley et al., 2005, Song et al. 2018). La necesidad de proporcionar
alimento, fibra, agua y abrigo a mas de siete mil millones de personas ha
propiciado la ocurrencia de profundas transformaciones en la superficie terrestre.
En las ultimas décadas las fronteras agricola y ganadera, las plantaciones
forestales y las areas urbanas han sufrido una considerable expansion,
acompanadas de un fuerte aumento en el consumo de energia, agua y
agroquimicos, junto con pérdidas considerables de biodiversidad (Foley et al.,

2005). La magnitud, el alcance y la velocidad de las alteraciones antropogénicas
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sobre la superficie de la tierra no tienen precedentes en la historia de la
humanidad (Lambin et al., 1999 y NRC 2001). Alrededor de la mitad de la
superficie de la tierra ha sido directamente trasformada por la accidn humana
(Vitousek et al., 1997). La mayoria de los impactos se han producido por la
pérdida y/o transformacién de ecosistemas boscosos y praderas naturales en
terrenos habilitados para el desarrollo agricola, ganadero, forestal vy
urbano/industrial (Sala et al., 2000). Tales cambios en el uso del suelo han
permitido a los seres humanos apropiarse de una parte importante de los recursos
del planeta (Vitousek et al., 1997) afectando la capacidad de los ecosistemas para
sostener la produccion de alimento y para influir en aspectos ambientales
relevantes como la calidad y cantidad de agua, regulacion del clima y calidad del

aire (Foley et al., 2005).

Debido a que el impacto de la accion del hombre en el planeta es cada vez
mas evidente y todos los afos los gobiernos invierten millones de dolares en
investigaciéon para entender las consecuencias de estos profundos cambios
ambientales a nivel global, el Consejo Nacional de Investigacién (NRC) de los
Estados Unidos, a solicitud de la Fundacion Nacional de la Ciencia (NSF),
identific6 ocho grandes desafios relacionados con la investigacion en ciencias
ambientales que deberan ser abordados con la mas alta prioridad en las proximas
décadas (NRC 2001). De esta manera, y con el claro propdsito de mejorar la
condiciones de vida en el planeta, la comunidad cientifica es exhortada a
concentrar la investigacion en: 1) los efectos provocados por la alteracion de los

ciclos biogeoquimicos; 2) el funcionamiento de los ecosistemas y la pérdida de
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biodiversidad; 3) la variabilidad climatica; 4) la prediccion de cambios en la
cantidad, calidad y distribucion de los recursos hidricos; 5) la relacion entre los
cambios ambientales y transmision de enfermedades infecciosas; 6) los reales
alcances de la nueva institucionalidad y politica ambiental sobre el uso y
conservacion de los recursos naturales; 7) la dinamica del uso de la tierra y sus
consecuencias ambientales; y 8) la reutilizacion de materiales (NRC 2001). Estos
antecedentes dan cuenta de la relevancia que adquieren los estudios sobre el
cambio de uso del suelo, cambio climatico y recursos hidricos a escala local,

regional y global.

I.2. Servicios ecosistémicos y cambio de uso/cobertura del suelo

Los servicios ecosistémicos son definidos como la contribucién directa e
indirecta de los ecosistemas al bienestar humano (MA 2005). La utilidad de este
concepto radica en que nos permite entender la relacion entre los sistemas
ecoldgicos y sociales, y abordar dicha relacién desde un punto de vista practico,
tomando en cuenta los beneficios que se obtienen de los ecosistemas e
implementar medidas para mantener o mejorar dichos servicios ante escenarios
de cambio (Haines-Young et al., 2013). En la actualidad no existe una clasificacién
que sea definitiva y universalmente aceptada pese a que el sistema propuesto
mediante el Informe de la Evaluacion de los Ecosistemas del Milenio es uno de los
mas difundidos a nivel mundial (MA 2005). Este sistema de clasificacion propone
cuatro grupos de servicios ecosistémicos: 1) servicios de aprovisionamiento
(alimentos, agua, fibras, recursos genéticos), 2) servicios de regulacion (regulacion

del clima, regulacion de enfermedades, regulacion hidrica), 3) servicios culturales
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(espiritual, recreativo, estético, educativo) y 4) servicios de soporte (formacion de
suelos, reciclaje de nutrientes, ciclo hidrolégico) (MA 2005). Posteriormente, en
2009 se propone la Clasificacion Internacional Comun de Servicios Ecosistémicos
(CICES) (Haines-Young et al., 2013). Para CICES los servicios ecosistémicos son
el resultado de la interaccion de los procesos bidticos y abidticos, y se refieren
especificamente a los productos o bienes directamente consumidos o utilizados
por las personas: 1) servicios de aprovisionamiento, 2) servicios de regulaciéon y 3)
servicios culturales. Los servicios de soporte son tratados como parte subyacente
de la estructura, procesos y funciones de los ecosistemas. El objetivo de esto es
evitar la sobrestimacion del valor de los beneficios asociados a cierto ecosistema
ya que podria ocurrir un doble conteo de beneficios si un servicio es insumo de

otro (SEEA 2013 y MMA 2014).

A escala de paisaje, los servicios ecosistémicos son el resultado del
funcionamiento de cada ecosistema y de su interaccion con otros. El cambio de
uso del suelo es la manifestacion mas directa de las actividades humanas sobre
los ecosistemas terrestres (Mooney et al., 2013). Se reconoce como uno de los
principales factores de transformacién del paisaje afectando, directamente e
indirectamente, las funciones ecosistémicas y, en consecuencia, la provision de
servicios (Wu 2013). En efecto, los cambios en la cobertura del suelo, impactan
directamente sobre la biodiversidad (Sala et al., 2000); contribuyen al cambio
climatico local, regional y global (Brovkin et al., 2004); son la primera causa de

degradacion del suelo (Lambin et al.,, 2001 y Foley et al., 2005); y afectan
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fuertemente la capacidad de los ecosistemas para soportar y satisfacer las

necesidades humanas (Vitousek et al., 1997 y Foley et al., 2005).

[.3. Cambio de uso/cobertura del suelo, cambio climatico y provision/regulacion

hidrica

El flujo de agua y su regulacion son componentes clave en el bienestar
humano. La regulacién esta determinada por la influencia que los sistemas
naturales tienen sobre el control de los flujos hidrolégicos (De Groot et al., 2002, Li
et al.,, 2010 y Haines-Young y Potschin 2012). En este sentido, la regulacién
hidrica corresponde a la proporcion de las precipitaciones que puede ser
almacenada en una cuenca hidrografica y que, posteriormente, contribuyen al flujo
de agua superficial en forma constante y mesurada a lo largo del tiempo (De Groot
et al., 2002, Fisher et al., 2009 y Haines-Young y Potschin., 2012). Es evidente
entonces la existencia de un estrecho vinculo entre la provision y regulacion de
agua. La provision dependera de los mecanismos de almacenaje de una cuenca
que, a su vez, estan determinados por factores hidrolégicos claves como la
cobertura de suelo, caracteristicas edafologicas y relieve. De esta manera, una
adecuada capacidad de regulacion hidrica permite la generacion de un servicio
espacial y temporalmente bien distribuido al interior de una cuenca (Chen et al.,
2011). Asi ejemplo, en un contexto de baja capacidad de regulacion, el flujo de
agua proveniente de las precipitaciones escurre rapidamente hacia cuerpos de
agua, aumentado la provisibn en un periodo temporal breve, reduciendo su

disponibilidad en la época de estiaje. Es aqui donde el vinculo entre la provision y
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la regulacién adquiere mayor relevancia. Los mecanismos de almacenaje de una

cuenca generan flujos en periodos donde las precipitaciones disminuyen.

Las coberturas del suelo estan intimamente relacionadas con la cuantia y
distribucion de los recursos hidricos debido a que determinan el flujo de agua
entre el suelo y la atmodsfera a travées de los procesos de intercepcion,
evapotranspiracion, escorrentia superficial y flujos subsuperficiales (Calder 1992,
Putuhena y Cordery., 2000 y Huber e Iroumé., 2001). Cambios en la cobertura
vegetal, a través de diversas practicas de uso del suelo, pueden alterar
significativamente el balance de agua superficial y la particion de las
precipitaciones dentro de los procesos de evaporacion, escorrentia, y flujo de agua
subterranea afectando con ello la cantidad, calidad y distribucién espacio-temporal
del agua en el sistema fluvial (Sahin y Hall 1996 y Foley et al., 2005). De este
modo, el cambio de uso del suelo es un aspecto clave en el manejo de recursos
hidricos debido a que cualquier modificacion de la estructura territorial de una
cuenca altera, considerablemente, el proceso de escorrentia superficial y los

regimenes de caudal (Bronstert et al., 2002).

Por otra parte, el cambio climatico y las alteraciones antrépicas sobre el ciclo
hidrolégico adquieren cada vez mayor fuerza en la comunidad cientifica. Muchos
impactos predecibles del cambio climatico se manifestaran a través de cambios en
el ciclo hidrolégico (UNEP 2012, 2016). Existen evidencias sdlidas de que el
cambio climatico esta alterando los ciclos hidrologicos a nivel regional y mundial

(Kundzewicz et al., 2007; IPCC 2014; Barrientos et al., 2020 ), y se ha predicho
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que los impactos seran evidentes: patrones de precipitacidon cambiantes, aumento
en la intensidad de los eventos meteorolégicos extremos, retroceso de los
glaciares con la consecuente alteracidon en los regimenes de descargas fluviales, y
sequias mas intensas en regiones semiaridas (IPCC 2014). En efecto, el aumento
de las temperaturas, incrementa la evaporacion del suelo y la transpiracion de las
plantas, contribuyendo a la emision de vapor de agua hacia la atmosfera. Este
incremento del vapor de agua hara cambiar la frecuencia y distribucién de las
precipitaciones afectando, al mismo tiempo, el régimen de escorrentia superficial y
recarga de aguas subterraneas (Arnell et al., 1996 y Lahmer et al., 2001). Tales
alteraciones inducidas por la accion del hombre han aumentado la vulnerabilidad
de los sistemas hidricos frente al cambio climatico, entendida como la sensibilidad

o susceptibilidad al dafio o la falta de capacidad de adaptarse (IPCC 2014).

I.4. Modelacion hidroldgica: vinculando el cambio de uso/cobertura del suelo y el

cambio climatico.

La gestion eficiente de los recursos hidricos se encuentra fuertemente
vinculada a un adecuado entendimiento de los procesos de precipitacion-
escorrentia y sus efectos de mediano y largo plazo en el balance hidrico (Fohrer et
al., 2001). A pesar de los avances cientificos en esta materia, todavia existe una
comprensiéon limitada de cémo las alteraciones del uso de la tierra y el clima
impactan sobre los flujos hidricos (You et al., 2017). Estudios recientes
demuestran el potencial de los enfoques de modelacién integrada para evaluar los
efectos del cambio de uso del suelo y cambio climatico sobre la provision vy

regulacion de los recursos hidricos (Lépez-Moreno et al., 2014). La modelacion es
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una poderosa herramienta, de bajo costo, orientada a evaluar el efecto de las
actividades humanas sobre los procesos hidrologicos de una cuenca. Lo anterior
es de gran importancia sobre todo en paises en vias de desarrollo donde los
recursos disponibles son escasos (Yang et al.,, 2005). La demanda de modelos
hidrologicos para facilitar la toma de decisiones se ha incrementado sobre todo
cuando es necesario predecir las condiciones hidroloégicas futuras resultantes de

cambios de uso de suelo y clima (Refsgaard 2007).

En la literatura cientifica consultada se reportan diversos modelos hidrologicos
los cuales, de acuerdo a su representacidn espacial, se pueden clasificar en
modelos agregados y modelos hidrologicos semi-distribuidos o  distribuidos
(Chong-yu Xu, 2002). Los modelos hidrologicos agregados, tales como el Modelo
Hydrologiska Byrans Vattenbalansavdelning (HBV) (Bergstrom, 1992), modelo
Xinanjiang (Liu et al 2018) y el modelo de equilibrio hidrico de Australia (AWBM)
(Boughton et al 2007)) entre otros, asumen la homogeneidad de la cuenca
hidrolégica, tanto en sus procesos superficiales, sub superficiales y subterraneos;
suposicion que es valida solo para cuencas muy pequefias (Chong-yu Xu, 2002).
Estos modelos utilizan ademas la precipitacion y evapotranspiracion promedio de
la cuenca como datos de entrada, para simular el proceso de flujo de la corriente
(Chong-yu Xu, 2002). Por otro lado, los modelos hidrolégicos semi-distribuidos y
distribuidos, como la herramienta de evaluacion del suelo y el agua ((SWAT),
Neitsch et al 2005), el modelo de vegetacién hidrolégica distribuida del suelo
(DHSVM, (Zhao et al 2009)) y el modelo de capacidad de infiltracién variable (VIC,

(Bao et al 2012)) entre otros, consideran atributos variables para diferentes
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regiones del area de estudio. Estos modelos procesan datos topograficos, datos
meteorolégicos en diferentes localizaciones, datos del suelo y datos de
vegetacion. Esta diversidad de insumos, asi como las estructuras complejas de los
modelos hidrolégicos, generan una mayor representatividad de las posibles
variaciones de las caracteristicas del suelo, efectos de pendiente, entre otros
(Chong-yu Xu, 2002), conduciendo a modelaciones mas realistas,

fundamentalmente para cuencas de mayor escala.

En relacién a los cambios de uso del suelo, la manera mas racional de evaluar
sus impactos sobre la produccion hidrica de una cuenca deberia ser la
implementacion de modelos hidrolégicos espacial y temporalmente distribuidos
(Eckhardt et al., 2003 y Hundecha y Bardossy 2004). El uso de modelos
hidrolégicos semidistribuidos permite describir la variabilidad temporal y espacial
de los componentes del balance hidrico. Esto significa que los mecanismos de
generacion de escorrentia pueden ser distinguidos en el modelo y que la influencia
de las condiciones superficiales del suelo sobre estos mecanismos son reflejados
en la estructura del modelo y en sus parametros (Bronstert et al., 2002). Entre
estos, el modelo SWAT ha demostrado ser una herramienta poderosa para
evaluar los impactos del cambio climatico y el cambio de uso/cobertura del suelo
sobre los recursos hidricos regionales, tal como ha sido reportado en
investigaciones en multiples cuencas hidrograficas de todo el mundo (Zhu et al

2016., Tou et al 2016., Ruan et al 2017., Tang et al 2019., Petpongpan et al 2021).

Respecto al cambio climatico, la construccion de escenarios regionalizados es

una herramienta apropiada para obtener una representacion cuantitativa de los
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cambios climaticos futuros y los efectos que éstos produciran en la hidrologia. Un
escenario de cambio climatico es una descripcién espacial y temporal, fisicamente
consistente, de rangos plausibles de las condiciones climaticas futuras basada en
la comprension cientifica del sistema climatico actual (IPCC 2014). Una
herramienta confiable para investigar la posible respuesta del clima a futuras
variaciones en la composicion de la atmdsfera son los llamados Modelos
Climaticos Globales, por sus siglas en ingles GCM (IPCC 2014). Estos son
modelos que incorporan la descripcion matematica de los procesos fisicos y de las
interacciones fundamentales entre los componentes mas importantes del sistema
climatico atmdésfera-hidrésfera-litosfera-biésfera. Con los GCM se obtienen
escenarios climaticos de gran escala (continental). Mediante el método del factor
de cambio los escenarios de gran escala se aplican a la linea base climatica
observada de alta resolucion, generandose escenarios climaticos regionales los
cuales sirven de entrada a los modelos hidrolégicos a escala de cuenca

hidrografica (Diaz-Nieto y Wilby 2005).

I.5. Efectos individuales y combinados del cambio del uso/cobertura del suelo y el

cambio climatico: La sinergia del dafo a los ecosistemas.

Nuestro mundo funciona en una mezcla de sistemas complejos que
interactuan en una variedad de escalas espaciales y temporales en las que tanto
los factores naturales como los humanos estan completamente entrelazados
(Dibaba et al 2020). La fuerte relacion entre el uso del suelo, el agua y el clima de
estos sistemas ha contribuido a wuna preocupacion constante por las

caracteristicas y procesos basicos del planeta (Dibaba et al 2020). Los LUCC

Efectos del cambio de uso/cobertura del suelo sobre la respuesta hidroldgica
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constituyen uno de los principales factores ambientales que provocan alteraciones
hidrologicas influyendo sobre los ecosistemas fluviales (Pavanelli et al 2019). Este
altera el equilibrio del proceso escorrentia-evapotranspiracion, causando un
aumento o disminucién en la magnitud y la frecuencia del caudal base de los rios
(Allan et al 2004., Pavanelli et al 2019). Por otro lado, se ha evidenciado que el
cambio climatico afecta el ciclo hidrolégico al cambiar el proceso de lluvia-
escorrentia sobre las cuencas hidrograficas, perturbando sus caracteristicas
hidrologicas (Tu, 2009). Mientras tanto, los rapidos LUCC, junto con el cambio
climatico, podrian conducir a un aumento de los impactos hidrolégicos de las
cuencas hidrograficas al alterar la magnitud del proceso hidroloégico de los
ecosistemas fluviales (Dile et al 2013., Takala et al 2016., Shawul et al 2019). Sin
embargo, la exploracion y comprension de como el LUCC y los cambios climaticos
interacttan de manera conjunta sobre la hidrologia de la cuenca varian
dependiendo de sus caracteristicas fisico-geograficas. Por lo tanto, se requieren
investigaciones que permitan comprender las interacciones entre los LUCC vy el
cambio climatico, asi como sus efectos, para facilitar una gestion el recurso hidrico
y el medio ambiente fundamentada en bases cientificas de cara a los cambios
futuros. De este modo, los conocimientos nuevos y actualizados sobre las
condiciones del agua y la tierra, asi como las opciones de gestion, pueden facilitar
enfoques mas proactivos para mantener los recursos hidricos y la salud de la

tierra mediante la reversion del riesgo de degradacion.
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|.6. Planteamiento del problema.

La principal fuente de abastecimiento hidrico del centro-sur de Chile
corresponde a cursos de agua superficial cuya recarga depende del régimen de
precipitaciones. Muchas de las cuencas que dan origen a estos cuerpos de agua
han sido sometidas a intensos cambios en el uso del suelo incluyendo la pérdida
de bosque nativo, el desarrollo de actividades agropecuarias y, en las ultimas
décadas, la forestacion masiva con especies exoéticas de rapido crecimiento,
fuertemente subsidiada por el estado a partir de la entrada en vigencia del Decreto
Ley N° 701 en 1974 (Echeverria et al., 2006, Aguayo et al., 2009, Echeverria et al.,
2012, Lara et al., 2012, Altamirano et al., 2013 y Heilmayr et al., 2016). Las
plantaciones forestales en Chile no solo han causado el reemplazo terrenos
agropecuarios sino también la sustitucion y pérdida bosques nativos.
Investigaciones como las de Echeverria et al. (2006), Nahuelhal et al. (2012),
Zamorano-Elgueta et al. (2015), Miranda et al. (2015, 2016), Aguayo (2016) han
reportado esta situacidon. A pesar de que las tasas mas altas de deforestacion
ocurrieron en el siglo pasado (Lara et al., 2012), el proceso de degradacion vy
pérdida del bosque nativo sigue siendo una tendencia constante (Aguayo et al.
2009, Altamirano y Lara 2010, Miranda et al., 2015, Nahuelhual et al., 2012,

Schulz et al., 2010 y Zamorano-Elgueta et al., 2015.

Este acelerado proceso de forestacion ha hecho surgir con fuerza la
percepcion de que las plantaciones forestales disminuyen notablemente la
produccion hidrica de cuencas con régimen pluvial. La reduccion de la

disponibilidad de agua asociada a la forestacibn a gran escala ha estado

Efectos del cambio de uso/cobertura del suelo sobre la respuesta hidroldgica
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generando una creciente preocupacion en la poblacion (Iroumé y Palacios 2013,
Lara et al., 2009 y Little et al., 2009, Barrientos et al 2020). Los problemas de
abastecimiento de agua son cada vez mas frecuentes en cuencas que proveen de
este recurso a comunidades rurales, sobre todo en los meses de verano (Iroumé
et al., 2005 e Iroumé, Palacios 2013 y Barrientos et al 2020). Los actuales
problemas de disponibilidad de agua se agudizaran en la medida que la demanda
creciente por recursos hidricos se enfrente a futuros escenarios de aumento de
temperaturas y disminucion de precipitaciones (CONAMA-DGF 2006, Fuenzalida
et al.,, 2007, Falvey y Garreaud 2009, Barrientos et al 2020). En efecto, las
proyecciones climaticas para el centro-sur de Chile en las proximas décadas
(2011-2030) estiman que las temperaturas aumentaran entre 0,5y 1,5° C y las

precipitaciones disminuiran entre 5y 20% (Rojas 2012ab y (CR)?, 2018).

En este contexto, los modelos hidrolégicos tienen la capacidad de predecir los
efectos sinérgicos y/o acumulativos del cambio climatico y cambio de uso del
suelo convirtiéndose en una herramienta apropiada para la toma decisiones
anticipadas y la implementacion de medidas preventivas ante escenarios de
escases hidrica (Bronstert et al.,, 2002). En el ambito de la gestién de cuencas,
estos modelos permiten evaluar diversas practicas de manejo considerando
distintos escenarios de uso del suelo y condiciones climaticas. De la misma
manera, estas herramientas de analisis tienen la capacidad de simular los efectos
de la implementacion de medidas de adaptacion orientadas a la proteccion de los
recursos hidricos tales como planes ordenamiento territorial, programas de

restauracion ecoldgica y acciones de conservacion.

REBECA MARTINEZ RETURETA, 2021 14



INTRODUCCION

En esta direccion, el foco central de esta investigacidon es comprender el
efecto conjunto del cambio de uso del suelo y cambio climatico sobre la provision y
regulacion hidrica en cuencas de meso-escala del centro-sur de Chile. Determinar
estos cambios y evaluar sus efectos es particularmente relevante para la gestion
sustentable del recurso hidrico en el largo plazo. Los resultados de este proyecto
permitiran mejorar la comprensién de las interacciones complejas entre clima,
suelo, uso/cobertura del suelo y provision/regulacion hidrica; asimismo serviran
para apoyar la toma de decisiones, desde una perspectiva cientifico-técnica, en el

manejo integrado de cuencas hidrograficas para el pais.

1.6.1. Hipotesis
H1: El cambio del uso/cobertura del suelo ocurrido durante las ultimas tres
décadas ha provocado una pérdida del recurso hidrico en cuencas del centro-sur

de Chile.

H2: Futuros escenarios de uso/cobertura del suelo y cambio climatico previstos

para cuencas del centro-sur de Chile incrementaran la pérdida del recurso hidrico.

Predicciones:

i) Aumento de la evapotranspiracion y disminucion de los caudales debido
a la expansién forestal.
ii) Menor retencidn y almacenaje de agua, bajo futuros escenarios de

uso/cobertura del suelo y cambio climatico.

Efectos del cambio de uso/cobertura del suelo sobre la respuesta hidroldgica
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1.6.2 Objetivo General

Evaluar el efecto del cambio de uso/cobertura del suelo sobre el recurso hidrico en
las ultimas tres décadas en cuencas del centro sur de Chile. Asimismo evaluar la
vulnerabilidad hidrica ante posibles escenarios de cambios de uso/cobertura del

suelo y cambio climatico.

1.6.3. Objetivos Especificos
OE1: Analizar los cambios de uso/cobertura del suelo y variacién climatica

ocurrido durante las ultimas tres décadas en cuencas del centro-sur de Chile.

OEZ2: Caracterizar y cuantificar los procesos que controlan la respuesta hidrolégica
en cuencas del centro-sur de Chile mediante modelacion espacial vy

temporalmente distribuidos.

OE3: Determinar la sensibilidad de los recursos hidricos bajo escenarios

individuales y combinados de uso/cobertura del suelo y cambio climatico.

1.6.4. Estrategia de investigacion.

La presente investigacion fue desarrollada en tres etapas que permitieron
lograr los objetivos planteados asi como demostrar el cumplimiento de las
hipotesis de trabajo. De esta forma, los principales resultados obtenidos son
presentados en tres capitulos que analizan, en una primera instancia, el efecto del
cambio del uso del suelo sobre el recurso hidrico, en la cuenca del rio Andalien de
la VIII regidn de Chile, dando alcance a los objetivos especificos | y Il. En una
segunda etapa, se abordé el efecto de la variabilidad climatica sobre la respuesta

hidrologica de dos cuencas de la region de la Araucania, completando los dos
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primeros objetivos planteados. En este capitulo se estudia ademas el posible
efecto del cambio climatico y las predicciones a futuro del comportamiento
hidrolégico de las cuencas Quino y Muco, introduciendo el tercer objetivo de la
tesis. Finalmente, en la ultima etapa de la investigacién se exponen los efectos
individuales y combinados del cambio de uso del suelo y el cambio climatico, en
las cuencas estudiadas para dar cumplimiento al tercer objetivo de Ila
investigacion. Vale destacar que la hipétesis de trabajo planteada fue demostrada
mediante el analisis integral de las tres etapas, evidenciandose ademas la validez

de las predicciones iniciales.

Efectos del cambio de uso/cobertura del suelo sobre la respuesta hidroldgica
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CAPITULO II. MATERIALES Y METODOS

En el presente capitulo se presenta un resumen de los materiales y métodos
generales utilizados en el desarrollo de la investigacion doctoral. Para ello, se
realiza una caracterizacion fisico-geografica de las cuencas hidrograficas en
estudio. Posteriormente se realiza una descripcion del diagrama de flujo de los
principales aspectos metodologicos relacionados con los métodos de modelacion
hidrologica utilizados tales como los datos de entrada al modelo, analisis de
sensibilidad, calibracién y validacion del modelo que garanticen su correcto
desempenfo. Adicionalmente, se expone una tabla resumen de los escenarios

modelados por cada capitulo de resultados.

11.1. Area de estudio

El estudio se desarrolla en las regiones del Biobio y la Araucania, en la zona
Centro-Sur de Chile (36°00’ y 39°30’ LS) (Figura 2.1). Esta zona se caracteriza por
ser un area de transicion entre condiciones de dominio mediterraneo y templado
hiumedo. El efecto transicional del clima facilita el desarrollo de especies
esclerdfilas en su parte septentrional que dan paso a formaciones tipicas del
bosque templado del sur. Estas condiciones ambientales tienen directa relacion
con el aprovechamiento productivo del territorio que actualmente se encuentra
dominado por una amplia superficie de plantaciones forestales basadas en
especies exoticas de rapido crecimiento. El area es disectada por las cuencas de
los rios Itata, Biobio e Imperial las que soportan un desarrollo industrial
fuertemente ligado a la explotacion forestal, produccion agropecuaria y generaciéon

de energia. Ademas, se localiza en el limite de dos ecorregiones con prioridad
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para conservacion a nivel mundial, el matorral mediterraneo y el bosque lluvioso
templado (Olson y Dinerstein 2002), y forma parte del hotspot de biodiversidad
denominado bosque lluvioso valdiviano de Chile (Myers, 2003). Dentro de esta
area fueron seleccionadas tres cuencas hidrograficas (Andalién, Quino y Muco),
en funcion de la disponibilidad de estaciones meteoroldgicas y fluviométricas que

cuentan con informacién de mas de 30 anos (Figura 2.1).

La cuenca Andalién se ubica en la Region del Biobio, VIII Region de Chile, en
la cordillera costera, entre los 36 ° 82 'de latitud sur y los 72 ° 80" de longitud
oeste. La cuenca hidrografica, con 742 km? de area, forma parte de la cuenca
costera ubicada entre los rios Itata y BioBio. El area estd compuesta por rocas
metamorficas, parcialmente superpuestas por sedimentos marinos terciarios, con
pendientes moderadas (SERNAGEOMIN. 1982) y elevaciones que van de 27 a
613 msnm, la zona presentan precipitaciones que oscilan en torno a los 1.250 mm
anuales, con un verano surefio seco (diciembre, enero, febrero) de 64 mm y un
invierno austral lluvioso (junio, julio, agosto) de 664 mm aproximadamente (Figura

2.1).

Por su parte las cuencas Quino y Muco se ubican en la Regién de la
Araucania, IX Region de Chile, en la precordillera de los Andes, entre los
38°10°00” S y 38°40°'00” S. Estos sistemas hidrograficos precordilleranos (cuencas
de Quino y Muco) poseen un area de 299 y 651 km? y elevaciones que varian de

305 a 1724 msnm. y de 189 a 1469 msnm, respectivamente. Las mismas
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presentan precipitaciones medias anuales que varian entre 1253 mm y 2693 mm y

temperaturas medias anuales entre 10°C y 12°C (Figura 2.1).
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Figura 2.1. Localizacion geografica del area de estudio.

[I.2. Marco metodologico
El marco metodoldgico presentado en la Figura 2.2 muestra la secuencia de
procedimientos ejecutados durante las diferentes etapas del proyecto, los cuales

son explicados a continuacion.

REBECA MARTINEZ RETURETA, 2021 20



MATERIALES Y METODOS

I

Escencrio Actual U.Sy Clime
Escenarios Pasados U.Sy Clima
""" Escenario Futuro U.Sy Climo

ANALISIS DE RESULTADOS

- A
A

- 1
[ H [ :
] M
: ! Uso de Suelo (U.S) H ) Datos Meteorolégicos 1
1 1 i | Tipode Suelo DEM : 1
1 : : Periodo Escenarios ]
: 11 Pasados Actual i \ / Histérico ClimahcosFuturosl :
' H i

: : | H | : :
1 i i B e mmmm e e s 1
[ i Modelo SWAT H
i i Modelacién de H :
: : Cambio de U.5 E —n 1
[ i ¥ ! :
: E Futuro H Andlisis de 1
1 ! Escenario [~ """ i‘ T Sensibilidad :
: e deUS I 1
: i
I
1 Calibraciondel :
: Modelo - I
1 s - T Modelacion 1
i Modelacién Hidrologica . Hidrolégica :
: Escenarios » Validaciéndel | ... ..o M  Escensrios Futuros -
; Pasado [ Actual Modelo (US y Clima) i
1 (U.s) \L 1
1 1
1 1
1 I
1 I
1 ]
: i
I

1

Figura 2.2 Diagrama de flujo del marco metodolégico propuesto.

El modelo SWAT (Soil and Water Assesment Tool, version SWAT 2012), y
su interfaz grafica ArcSWAT, fue seleccionado para evaluar los efectos del cambio
de uso/cobertura del suelo y cambio climatico sobre las cuencas de estudio. El
procedimiento de la construccion del modelo fue el mismo para sus tres capitulos
de resultados. En un primer paso el modelo requiri6 como datos de entrada: un
Modelo Digital de Elevacion (DEM), bases de datos de tipo y uso/cobertura del
suelo y base de datos climatolégicas a nivel diario (precipitacion, temperaturas
maximas, temperaturas minimas). Posteriormente se prosiguié al analisis de
sensibilidad, calibracion y validacion del modelo hidrolégico por medio del
programa SWAT Calibration and Uncertainty Procedures (SWAT-CUP)
desarrollado por Abbaspour et al. (2007). La variable observada utilizada fue el

caudal diario registrado en la estacion de control por cada cuenca. Para tales
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efectos, se empleo un periodo de al menos 30 afos de registro, con tres afos de
ajuste o “calentamiento” del modelo. Los andlisis de sensibilidad se llevaron a
cabo a través del algoritmo Sufi-2, el cual permite obtener la sensibilidad relativa
de cada parametro del modelo. A su vez, el modelo se validado comparando los
caudales mensuales simulados versus los medidos en las estaciones fluviométrica
por cada cuenca de estudio usando series de tiempo distintas a las utilizadas en la
calibracion. El grado de ajuste entre los caudales simulados y observados se
evalu6é a través de los indices: 1) eficiencia de Nash-Sutcliffe (EF), 2) valor
absoluto del porcentaje de desviacion (PBIAS), y 3) coeficiente de determinacién

(R2) segun los rangos de calificacién definidos por Moriasi et al 2007.

Una vez calibrado y validado el modelo SWAT para las diferentes cuencas
de estudio, se realizd la modelacion hidrolégica para el analisis de los
componentes del ciclo hidrolégico dependiendo del objetivo de cada capitulo de
resultados. Los métodos de analisis, detalles especificos de las areas de estudio,
las bases de datos utilizadas para proporcionar los insumos necesarios del modelo
hidrologico en las etapas de calibracion y validacidon, asi como los criterios para su
empleo, entre otros aspectos, seran especificados en las secciones de materiales

y métodos referentes a cada capitulo.

I1.2.1.Escenarios modelados

Para la determinacion de los efectos de cambio de uso del suelo y cambio
climatico sobre los componentes hidrologicos de las cuencas de estudio, se
modelaron 16 diferentes escenarios. De este modo, de acuerdo a las etapas de la

investigacion se pudo analizar la influencia individual del cambio de uso del suelo
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(Capitulo 1l 'y V), efecto del cambio climatico (Capitulo IV) y los efectos
combinados de ambos fendmenos (Capitulo V). La tabla 2.1 resume las

caracteristicas de los escenarios modelados.

Tabla 2.1: Escenarios modelados por capitulo de resultados para la determinacion de

efectos de LUCC y cambio climatico sobre el comportamiento del ciclo hidrolégico.

Uso/cobertura
Cuencas Periodo climatico Capitulo
del suelo

Andalién 1986 1984-2013 1

Andalién 2011 1984-2013 1
Quino y Muco 1986 1982-2016 VyV
Quino y Muco 2011 1982-2016 VyV
Quino y Muco 2011 2020-2049 VyV
Quino y Muco 2011 2050-2079 VyV
Quino y Muco 2051 1982-2016 \%
Quino y Muco 2051 2020-2049 \Y
Quino y Muco 2051 2050-2079 \%
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CAPITULO Ill. EFECTO DEL USO/COBERTURA DEL SUELO SOBRE LA
RESPUESTA HIDROLOGICA. CASO DE ESTUDIO: CUENCA DEL RIO

ANDALIEN.

En el presente capitulo se muestran los resultados publicados en un primer
articulo cientifico en la revista WATER de la red WOS. En este se analiza el efecto
que implica el cambio del uso/cobertura del suelo en la respuesta hidrolégica de la
cuenca del rio Andalién, en el centro sur de Chile. Para ello se muestran los
resultados de modelaciones hidrologicas considerando diferentes usos de suelo
en un escenario existente de expansion de plantaciones forestales. En esta
investigacion se hace énfasis en el ajuste de los parametros en el modelo
mediante protocolos de calibracion y validacion y se presentan, una vez validado
el modelo, un analisis del comportamiento de los diferentes componentes del ciclo
hidrologico y su variacion en diferentes escalas temporales a causa del cambio de
uso del suelo. Finalmente se realiza una discusion exhaustiva de los resultados
obtenidos para dilucidar los efectos ocurridos sobre el recurso agua y se compara

con resultados obtenidos por otros investigadores.
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[11.1. Articulo - |. Effect of land use/cover change on the hydrological response of a

southern center basin of Chile.
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Abstract: Several impacts over the ecosystem services have been produced by
the land use / cover changes, placing it as one of the main factors driving the
global environmental change. In the present study, the SWAT model was used to
assess the effect of land use / cover changes on the hydrology response in the
Andalién river basin from the south center zone of Chile. Three land use / cover
scenarios (LU_1986, LU 2001 and LU_2011) were compared over a period of 30
years (1984-2013) to remove the effect of climate variability on hydrology. The
results show a significant decrease in total annual flows among the three LU
scenarios. The greater differences in the annual flows of 25.05m%s were
observed between LU 1986 and LU _2011 scenarios. The hydrological cycle
dynamics in the basin show an increasing trend of evapotranspiration and surface
flows with a significant decrease in percolation and lateral flow on a monthly and
seasonal scale. This behavior can be explained by the increasing percentage of

the basin area covered by exotic plantations from 35.22% to 63.93% during the
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period. The evidence of these changes and the evaluation of their effects are
particularly relevant for the long-term sustainable management of water

resources.

Keywords: Forest exotic; hydrology; land use change; SWAT model

1. Introduction

The land use/cover change is considered one of the main driver factors forcing
global environmental change with a significant impact on water resources. It can
induce strong impacts in processes that support several ecosystem services such
as water regulation, provision and storage [1,2]. In recent decades, agricultural and
livestock borders, forest plantations and urban areas have been expanded
accompanied by a large increase in energy, water and agrochemical consumption,
leading to considerable losses of biodiversity [3]. Most of the impacts have been
caused by the loss and/or transformation of forest ecosystems and natural
grasslands into lands enabled for agricultural, livestock, forestry and
urban/industrial development [4]. Such changes in land use, have allowed humans
to take earth's resources possession [5], affecting the ecosystems ability to support
food production and to influence relevant environmental aspects such as water
provision and regulation, climate regulation and air quality [3].

Water flow and its regulation are key components in human wellness.
Regulation is determined by the influence that natural systems have on the control
of hydrological flows [6,7]. In this sense, the capacity of water regulation
corresponds to the proportion of rainfall that can be stored in a river basin and,

subsequently, contribute to the constant surface water flow over time [7-9]. Then,
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the existence of a close link between water regulation and provision become
obvious. Provision will depend on the storage mechanisms of a basin, also
determined by key hydrological factors such as soil cover, edaphological
characteristics and relief. An adequate capacity for water regulation allows the
generation of spatial and temporally well-distributed ecosystem services within a
basin [10]. In this way, in a context of low regulatory capacity, the flow of water
from rainfall drains rapidly into water bodies, increasing the provision in a short
time period, reducing however its availability during the dry season. The link
between regulation and provision acquires here greater relevance. The storage
mechanisms of a basin generate flows in periods where rainfall decreases.

Soil cover is closely related to water resources quantity and its distribution. It
determines the water flow between the soil and the atmosphere through processes
like interception, evapotranspiration, surface runoff and subsurface flows [11,12].
Surface water balance and rainfall partition within the processes of evaporation,
runoff, and groundwater flow changes in soil cover, could be significantly modified
through various land use practices. The amount, space-time quality and distribution
of water in the river system can be also affected [3,13]. Thereby, the change of
land use/cover is a main aspect for water resources management. The process of
surface runoff and flow regimes could be significantly affected by any modification
of the territorial structure of a basin [14].

In the central-southern zone of Chile, the main water supply sources
correspond to surface water courses whose recharge depends on the rainfall

regime. Several watersheds that give rise to these water bodies have undergone
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intense land use changes processes, including loss of native forest, development
of agricultural activities. In the in recent decades, massive afforestation with forest
exotic plantations species have been conducted. This activity has been strongly
subsidized by the Chilean state and regulated with Decree Law No. 701 since 1974
[15-20].

Forest plantations expansion in Chile has not only led the replacement of
agricultural land, but also the replacement and loss of native forests. Several
research reports [15,21-25] have documented this situation. Although the highest
deforestation rates occurred in the last century [18], the degradation process and
subsequently loss of native forest remains a constant trend [16,21,22,24,26,27].

This accelerated afforestation process has strongly raised the perception that
forest exotic plantations lead to a water production decrease with rainfall in river
basins. The reduction of water availability, associated to large-scale afforestation
has been generating growing concern in the population [28-30]. Water supply
problems are increasingly frequent in basins that provide this resource to rural
communities [28,31].

In spite of the above described, most of the studies assume the hydrographic
basin as a single unit of analysis, obtaining aggregate results of increase or
decrease of flows at its closing point. However, for a proper basin management, it
is essential to understand how hydrological processes occur inside, identifying and
analyzing the spatial configurations of landscape components that control the
regulation of water flows [32,33]. From the perspective of landscape ecology, the
spatial pattern of land use/cover changes plays a main role in the determination of

processes such as infiltration, water storage and surface runoff [32]. In this context,
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spatially distributed hydrological models have the capability to analyze the
synergistic effects of land use change/cover and climate change in small
hydrological response units with relatively homogeneous conditions. It is possible
to identify the relevance of each territorial unit in the hydrological process based on
its characteristics and location within the basin. Such models become a suitable
tool for making early decisions in water scarcity scenarios [14].

The soil and water assessment tool model (SWAT) is a continuous-time,
physical-mathematical hydrological model [34] designed to predict flow, soil and
nutrient losses in a basin. Unfortunately, although several previous studies showed
promising results using SWAT as a hydrological model in different environmental
conditions [35—43], its application in Chile has been limited [44—48], focused mainly
on the effect of climate change on snow production. Additionally, besides the study
from Aguayo and Stehr [25], there is a lack of scientific reports making reference
to the hydrological response of a basin against future scenarios of forest expansion
[25]. For this reason, it is important to conduct studies about the land use/cover
change effect, especially in watersheds with low environmental data availability.
Determining changes and assessing their effects become particularly relevant for a
sustainable management of water resources in the long term. The current research
aims to determine the effect of the change in land use / cover on the hydrological
response in the last 30 years, for a basin located in the South Center of Chile,
through hydrological modeling. These results could aim to understanding the

complex interactions among soil, land use and water provision/regulation and
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supporting decision-making, from a scientific-technical perspective, in the

integrated management of river basins for the country.

2. Materials and Methods

2.1. Study Watershed.

Andalién basin is located in the Biobio Region, VIII Region of Chile, in the
coastal mountain range, between 36 ° 82 ' south latitude and 72 ° 80" west
longitude. The hydrographic basin, with 742 km? of area, is part of the coastal
basin located between the Itata and BioBio rivers in central-southern Chile. The
area is composed of metamorphic rocks, partially superimposed by tertiary marine
sediments, with moderate slopes [49], and elevations ranging from 27 to 613 m
above sea level . The area is dominated by temperate-mediterranean climatic
conditions and precipitations around 1,250 mm annual, with a dry southern
summer (December, January, February) of 64 mm and a rainy southern winter
(June, July, August) of 664 mm, approximately .These conditions allow the direct
relationship with the productive use of the territory, currently dominated by a large

area of exotic forest plantations (Figure 3.1).
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Figure 3.1. Andalién basin geographical location map.

In the Biobio region, Pinus radiata plantations is predominating with more than
half of the regional total area (59%), followed by Eucalyptus globulus (27%) and
Eucalyptus nitens (12%) [50]. Very basic management practices are applied
consisting of clearing the place where the plantation will be carried out, plowing the
soil, applying weed killers and fertilizers to stimulate growth. The wood harvesting
is done through a rudimentary method called "clearcutting". For such activities, the
environmental regulations in Chile allow deforestation or cutting up to 500 ha at
once. The forestry law forces to reforest the site after two years from harvesting.

Most of the wood consumption for industrial use occurred in the pulp industry,

which participation reaches 36.8% of the total, followed closely by wood for
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construction with 34.8%. Some other products consist of items such as barkless
splinters (17%), boards and sheets (10.2%) and finally posts and poles (0.7%); the
difference of 0.5% corresponds to export pieces. These five items constitute the

primary Chilean forest industry [50].

2.2. SWAT model description.

SWAT model allows simulating several physical processes of the hydrological
cycle at different time scales. In this work, a monthly time scale and the sub-basin
scheme derived from the digital elevation model (DEM) were used. The sub-basin
configuration preserved the channels and the natural flow path. First, the water
courses were defined, choosing the minimum area threshold established
automatically by SWAT as criteria to create them. This method aimed to obtain a
rigorous representation of the channels.

Hydrological Response Units (HRUs) were obtained considering soil type, land
use and the landscape slope. This discretization method accurately reflects the
spatial variability concerning the process of rain into runoff transformation, as well
as the water routing in each HRU, improving the simulation accuracy [51,52].

SWAT modelling also considered daily climatic information, specifically
precipitation, maximum and minimum temperatures, for the determination of the
main processes concerning hydrological cycle. Hargreaves method was used to

calculate the potential evapotranspiration (PET).
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2.3. Input data.

2.3.1. Topography, soil, meteorological and flow data

The landscape slope was divided by SWAT model in three categories
according to the information obtained from DEM (Figure 3.2a, Table 3.1). DEM
used for the watershed delimitation was obtained by processing Alos-1 Palsar
images of 12.5m spatial resolution (Table 1).

The soil map from the Natural Resources Information Center [53] was used to
represent the soil types present in the study area and their associated properties.
Additional information required to complete the SWAT input database was
obtained through the Agrological Studies of the VIII Region conducted by the
Natural Resources Information Center (CIREN) in 1999 [53] (Figure 3.2b, Table 1).

Daily precipitation and temperature data were obtained from the Global
Climate Hazards Group Infra Red Precipitation with Station database (CHIRPS)
and from the Climate Forecast System Reanalysis database (CFSR) respectively
(Figure 3.2c, Table 3.1). Used data were previously validated through geospatial
and statistical analysis, using information from real stations of the General
Direction of Water (DGA), Meteorological Direction of Chile (DMC) and the
National Institute of Agricultural Research (INIA) located in the South Center of
Chile [54,55].

The flow station named “Rio Andalién Camino a Penco”, operated by the
General Direction of Water (DGA) in Chile, is selected as the monitoring point used

in the present study. This point was defined as the basin closure point because it is
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an important flow station within the study watershed with daily information since

1961 to the present without interruption (Figure 3.2c).
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Figure 3.2. (a) Slope map, (b) soil types and (c) meteorological and flow stations.

2.3.2. Land Use

Heilmayr et al. [20] analysis and quantification of land use/cover changes for
1986, 2001 and 2011 from satellite images processing was used in this paper.
Processing was carried out through a historical regression process. Landsat
images were used as the main data source for remote sensing analysis for the
three decades. Data processing included radiometric, geometric and topographic
corrections. Land use categories were derived from a supervised classification
using the maximum likelihood statistical method. This classification included the
following categories: (1) adult native forest, (2) exotic plantation of adult forest (12—
22 years), (3) exotic plantation of young forest (<12 years), (4) arborescent scrub,
(5) scrub, (6) agricultural land, (7) grassland, (8) urban, (9) wetland, (10)
agricultural bare ground, (11) permanent bare ground, (12) plantation felling and
(13) stumpy. In order to analyze data, some of the related categories were grouped
(for example, young plantation and adult plantation, arborescent scrub and

scrubland, agricultural lands and agricultural bare soils). The final maps were
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developed and incorporated into a Geographic Information System using ArcGis

10.4. Table 3.1 summarizes the input information used for SWAT modeling.

Table 3.1. Input variables used for SWAT modeling.

Input data Description Source
Mlnlmum and maximum CFSR global base
Extreme daily temperatures x
. Available at
temperature Period 1981 — 2013 .
: . https://globalweather.tamu.e
. s Spatial resolution
Meteorologica du/
| Data (30x35 km)
. L CHIRPS database
Daily precipitation Available at
Precipitation Period 1981 — 2013 .
. . http://chg.geog.ucsb.edu/dat
(0.05 Spatial resolution) :
a/chirps/
Alos-1 Palsar Sensor
DEM Digital elevation model Available at
(12.5m resolution) https://vertex.daac.asf.alask
a.edu/
Agrological studies of the
Spatial Data  Soil type ey CIREN 1999

(1:70000 Spatial
resolution)
Soil use map 1986, 2001,
2011
(1:30000 Spatial
resolution)

Land use (Heilmayr) in 2016 [20]

2.4. SWAT sensitivity analysis, calibration and validation

The model was calibrated and validated on a monthly scale using the total
flows at “Rio Andalién Camino a Penco” station as reference values. A 30-year
period (1984-2013) was used, including three years for model warm-up. The
parameters calibration was mostly performed manually, however, some
parameters were calibrated using the SWAT calibration and uncertainty
procedures software, SWAT_CUP, developed by Abbaspour et al. [56]. According

to previous studies [36, 53, 54], 17 sensitive hydrological parameters were chosen
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for analysis (Table 2). The relative change of the parameters was controlled within
20%. Besides, absolute change was analyzed according to literature and
theoretical document [51,58,59].

A global sensitivity analysis was performed to obtain the relative and absolute
sensitivity. Sequential uncertainty adjustment algorithm version No 2 (Sufi-2) was
implemented [60] in order to identify the higher sensitivity parameters, according to
the model response. Parameter ranges were determined according to values
obtained by manual calibration. Several iterations were performed, each one
considering 500 simulations with reduced parameter ranges in subsequent
calibration rounds. Time series graphs and statistical methods were used to
evaluate the model performance in the total flow simulations.

The p-factor and the r-factor were estimated to assess the degree of
uncertainty in the calibration and validation of the model according to the
classification of Abbaspour et al. [56], where it determines that a p-factor = 0.75
and r-factor < 1.5 are desirable for flow estimation.

As recommended by different researchers [38,51], hydrological and
meteorological data sets were divided into three sub-databases: i) 1984-1992, ii)
1994-2002 and iii) 2008-2013 as different land use scenarios (LU). The first
scenario, related to the 1986 LU (LU_1986) was determined for the calibration of
the model; hydroclimatic data from 1984 to 1992 was used for this step. The
hydrological and meteorological database from 1994-2002 was assigned to the
second scenario considering the LU of 2001 (LU_2001). Finally, the third scenario,
established by the LU of 2011 (LU_2011) contains data from 2005 to 2013. The LU

of 2001 and 2011 were considered as the hydrological model validation periods.
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During the model validation, same values adjusted in the calibration were

used, however, considering different data sets of observed values to demonstrate

that the model has a satisfactory precision range [61].

Table 3.2. Parameters used for the SWAT_CUP model sensibility analysis.

Parameter

Description

EPCO
GW_REVAP
CNCOEF
SURLAG
CN2
SLSUBBSN
OV_N

SOL_AWC

FFCB

LAT_TIME
GW DELAY
ALPHA_BF

GWQMN
RCHRG_DP
TRNSRCH

CH_N1
CH_N2

Plant uptake compensation factor.
Groundwater "revap" coefficient
Plant ET curve number coefficient
Surface runoff lag time.
SCS runoff curve number f.
Longitud media de la pendiente (m)
Manning's "n" value for overland flow
Available water capacity of the soil layer
Initial soil water storage expressed as a
fraction of field capacity water content
Lateral flow travel time
Groundwater delay (days)

Baseflow alpha factor (days)
Treshold depth of water in the shallow aquifer
required for return flow to occur (mm)
Deep aquifer percolation fraction
Fraction of transmission losses from main
channel that enter deep aquifer.
Manning's "n" value for the tributary channels

Manning's "n" value for the main channel
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2.5 SWAT model performance evaluation

Model performance was evaluated using statistic tests such as Nash Sutcliffe
Efficiency of (NSE), percentage bias (PBIAS) and the determination coefficient (R?)
to examine the representation of the modeled process to real biophysical
conditions. NSE is a standardized statistical method that determines the relative
magnitude of the residual variance compared to the measured data variance
(Equation 1). Theoretically, NSE value varies from -~ to 1; NSE value 1
corresponds to a perfect match between the observed and simulated values [62].
PBIAS (Equation 2) measures the estimation bias of the model. PBIAS value can
be positive or negative indicated underestimation and overestimation, respectively,
zero value represents the best simulation performance of the model[62]. The R?
(Equation 3), is used to measure the consistency of the simulated and observed
data of the model. Value of R? varies between 0 and 1; less error variance is
indicated by higher values [62].

n obs sim2
i=1(Qi -Q; )

NSE =1-— =L
Z?=1(Q?bS_Qobs)

(3.1)

(0P —i™)-100
n obs
Zi:l Qi

PBIAS =

(3.2)

?:1(lebs_éobs)(Q{qim_Qsim)

R? =
_ 2 . _ 2
JER (@07 ~Qons )| Z1 (@5 ™= Quim)

(3.3)

where Q°PS and Qf™represent oberved and simulated flow during ith day. Q,,s and

Q.im are the average observed and simulated flows respectively.
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2.6 Evaluation of the Land Use/Cover Change (LUCC) effect on the hydrological

response.

For the evaluation of LUCC on the hydrological response in Andalién basin, the
Swat model was executed in the three LU (LU_1986, LU 2001 and LU_2011) for
the period of time from 1984 to 2013. Water discharge of 124 sub-basins was
calculated. Flow values measured at “Rio Andalién Camino a Penco” station,
located at the closing point of the basin, were used to compare the runoff
calculated by the model.

Parameters obtained during model calibration and validation steps were used
for this evaluation. In this way, the suitability of the fixed parameters in the different
LUCC scenarios was verified. The hydrological impacts of LUCC were determined
by changing the LU while keeping all parameters constant during the study period.

Student’s t-distribution analysis for related sampled was carried out, in order to
determine significant differences among the simulated monthly flows for the
different LU. This was also applied for quantifying the impact of the land use/cover
scenarios over the total flow during the before mentioned period for Andalién basin.
Additionally, statistical (t-tests) and trend analysis were performed between first
and later LU scenarios (LU_1986 and LU 2011) to evaluate the behavior of the
components of the hydrological cycle such as: evapotranspiration (ET), percolation
(PERC), surface flow (SURQ), lateral flow (LAT_Q), groundwater (GW_Q) and
water yield (WYLD).This analysis was carried out on an annual, monthly and

seasonal scale during the last 30 years.

Efectos del cambio de uso/cobertura del suelo sobre la respuesta hidroldgica
en cuencas del Centro Sur de Chile bajo escenarios de cambio climdtico 39



CAPITULO Il

3. Results

3.1. Land use/cover change (LUCC)

The exotic forest plantations as prevailing land use in the river basin, was the
one with the highest increasing percentage with a 28.64 % between 1986 and
2011. It showed an spatial distribution of increasing occupation from the lowest
areas during 1986 up to the higher basin lands in 2011. This behavior could be
caused due to the proximity to Concepcion City. The main companies related to
the commercialization of this raw material (cellulose industry and construction) are
locate in this urban center.

On the other hand, the native forest and scrubland areas were dispersed
throughout the basin for LU_1986, LU 2001 and LU_2011, with the largest
percentage of native forests located in the Nonguen national reserve. The native
forests and scrublands had a decreasing behavior for all LU, showing a reduction
by 13.47% from 1986 to 2001 and a 30.70% decrease from 1986 to 2011.
However, it can be seen that agriculture was dominant upstream and in the middle
of the basin. An irregular behavior in the different scenarios was observed: a small
decrease of 1.92% occurred during the period from 1986-2001 with slight recovery

from 2001 to 2011 at 2.61 % (Figure 3.3, Table 3.3).
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Figure 3.3 Spatial representation and percentage of land use change area for LU_1986,

LU_2001 and LU_2011.
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Table 3.3. Percentages of land use area for the LU_1986, LU_2001 and LU_2011
scenarios and their relative changes.

Land Use LUCC (%) Relative Changes (%)

LU_1986 LU_2001 LU_2011 1986- 2001- 1986-

2001 2011 2011
Native forest 18.72 12.04 5.34 -6.68 -6.69 -13.38
Plantation 35.22 49.92 63.86 14.70 13.94 28.64
Scrub 28.58 21.79 11.26 -6.79 -10.53 -17.32
Agriculture 16.56 14.64 17.25 -1.92 2.61 0.69
Other 0.92 1.62 2.28 0.70 0.66 1.36

The LUCC time series analysis between 1986 and 2011 indicates an
expansion of the plantations with a reduction in agricultural, scrubland and native
forest use (Table 3.3). Native forests, thickets and forest plantations were the land
covers with major changes in their percentages with respect to the total area of
1986. This result can be explained by the felling of native forests and scrublands
between 1986 and 2011 with a 35% decrease with respect to the area occupied by
this land use in 1986. Meanwhile, during the same period, forest plantations had a
positive trend with a 55% increase with respect to the forest plantation area during

1986 (Figure 3.3, Table 3.3).

3.2. Sensitivity analysis

According to the sensitivity analysis, seven parameters significantly affecting
the modeled surface flow of Andalién basin such as: manning's "n" value for the
tributary channels (CH_N1), average slope length (SLSUBBSN), fraction of
transmission losses from main channel that enter deep aquifer (TRNSRCH) and

other parameters related to surface runoff (SURLAG, CNCOEF) and groundwater
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(ALPHA_BF, GW_DELAYMM, GWQMN) (Table 3.4). Such parameters were
calibrated to fit the real water balance, based on literature information [63].

The present study shows that, the weighing coefficient for the ET (CNCOEF) is
a sensitive parameter for the geographical physical conditions of the basin. By
increasing the CNCOEF from 1 to 1.4, a better adjustment in the runoff parameters
is obtained. Taking this in consideration, the daily CN estimation as a function of
the plants ET could give results less dependent of the soil storage based on the

preceding climate [51].

Table 3.4. Sensitive parameters in surface flow calculations, calibrated values.

Calibration values

Parameter Parameter description Adjusted Minimum  Maximum
value value value
CH N1 Manning's "n" value for the 977 111 30
N tributary channels.

CNCOEF  Plant ET curve number coefficient. 1.4 1 2
ALPHA_BF Baseflow alpha factor (days) 0.9 0.45 1
GW_DELAY Groundwater delay (days). 159 0 273.7

SURLAG Surface runoff lag time. 11.6 1 17.4

Treshold depth of water in the
GWQMN shallow aquifer required for return 1408 1351 4058
flow to occur (mm).
SLSUBBSN  Average lenght of the slope (m). 111.7 49.9 129.9

If compared to default values, ALPHA BF parameter was increased in the
model to facilitate the water flowing from the aquifer to the river, increasing the
base flow. GWQMN and GW_DELAY parameters were also augmented increasing

the surface flows and consequently decreasing the groundwater flow. The
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remaining parameters related to hydrological processes were calibrated in order to

adjust the base and peak flows (Table 3.4).

3.3. SWAT model calibration and validation.

Acceptable estimates were obtained by uncertainty factors in the semi-
automatic calibration and validation of the model according to the classification of
Abbaspour et al.[56]. During the calibration period (LU_1986), the model showed
satisfactory uncertainty with a p-factor of 0.89 and an r-factor of 1.24. Meanwhile,
for the validation periods (LU_2001 and LU_2011), a satisfactory uncertainty level
was obtained with a p-factor of 0.89 (0.84) and an r-factor of 1.36 (1.44)
respectively.

Figure 3.4a, b show the correlation for the model with proportional bias (y = z).
On one hand, Student’s t-test correlation for non-calibrated data shows a P_value
of 9.46E-09, indicating significant differences between observed versus non-
calibrated values. Unsatisfactory statistics were obtained with a Nash-Sutcliffe
Efficiency Index (NSE) of 0.18 and a percentage bias (PBIAS) of 49.43% (Figure
3.4a, Table 3.5). On the other hand, as the model was manually calibrated and
validated, the values didn't showed significant differences, recording excellent
correlation values with a P-value 20.05 among observed values when compared to

the calibrated and validated values. (Figure 3.4a, b, Table 3.5).
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Figure 3.4. Relationship between uncalibrated and calibrated values against observed
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bias (y = z). Calibration and validation of the total monthly flow of LU_1986, LU_2001 and
LU_2011 for the time periods of 1984-1992 (c), 1994-2002 (d) and 2005-2013 (e).

Table 3.5. Correlation between calibration and validation periods for “Rio Andalién

Camino a Penco” station.

Without
Calibration Validation Validation
Statisticians Calibration
(1984-1992) (1994-2002) (2005-2013)
(1984-1992)
R? 0.80 0.77 0.75 0.69
NSE 0.18 0.77 0.74 0.69
PBIAS 49.43% 5.67% 0.91% -1.18%
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Statistical results to evaluate the performance of the model, showed a very
good level in the (NSE) (0.77) for calibration. Meanwhile, good level was obtained
for the determination coefficient (0.77) and (PBIAS) (5.67%), according to the
classification of Moriasi et al. [62] (Figure 3.4c, Table 5). The model was validated
to demonstrate the suitability of the calibrated values in the LU_2001 and LU_2011
scenarios (Figure 3.4d, e, Table 5). Adjustment between the observed and
validated flow of the two scenarios reached a good level for an R? of 0.75 and 0.69,
with NSE values of 0.74 and 0.69 respectively. A very good classification was

obtained for PBIAS with values of 0.91% and -1.18 respectively.

3.4. Land use and flow relationship in the Andalién river basin.

SWAT model was executed for the LU 1986, LU 2001 and LU 2011
scenarios. In this way, the effect of LUCC on the total monthly flow for the study
period (1984-2013) at the “Rio Andalién Camino a Penco” river station was
evaluated (Figure 3.5). Student’s t-test for paired samples showed significant
differences among the flows obtained with all the land use/coverage scenarios with

a 95% confidence interval.
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Figure 3.5. Simulated monthly flow between 1984-2013 for different land use / coverage
scenarios (LU_1986, LU_2001 and LU_2011).

The greatest difference on total flows was obtained between most extreme
scenarios (LU_1986 and LU_2011), with a decrease of 25.05 m®/s per year. This
change was characterized by the replacement of native forests and scrubland with
forest plantations (28.64%) and a 0.69% increase of agricultural lands percentage.
Besides, when comparing LU for 1986 with 2001 and LU_2001 versus LU_2011,
total flow reductions of 3.87 and 21.19 m®s per year, were respectively observed.
The trend obtained, indicating a progressive flow reduction, could be explained by
the LUCC behavior that took place in the basin during the period. The 3.87%
reduction in the total flow from the LU_1986 to LU_2001 scenarios was determined
by a 14.70% increase in forest plantations, dominating almost half of the basin
area for LU_2001 scenario. Besides, a 13.47% of percentile reduction of native
forest and scrubland areas together with a 1.92% of agricultural area reduction

took place. In the same way, the decreasing flow from LU_2001 when compared to
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LU_2011 scenario occurred accompanied by an increase in 13.94% of forest
plantations taking during 2011 the 63.86% of the basin area, together with a 17.22%
of native forests and scrublands area reduction and an increase of 2.61% of

agricultural lands (Figure 3.3 and 3.6, Table 3.3).

3.5. LUCC impacts on the hydrological response

Figure 3.6 shows the seasonal averages from 1984 to 2013 of ET, PERC,
SURQ, LAT _Q, GW_Q and WYLD for LU scenarios LU 1986 and LU 2011
simulated using SWAT. In one hand, ET and surface flows had increasing trends in
all seasons, reaching the highest values in the autumn and winter season where
the highest rainfall occurs. In the other hand, PERC values presented a negative
trend for every season mainly due to the change in land cover. This trend becomes
higher in autumn that coincides with the humid period beginning. Besides, a direct
correlation can be observed between GW_Q and the total flows of the basin in all
the seasons. During winter and spring seasons, a sharp decreasing trend can be
observed for GW_Q and the total flows due to the transition between the coldest
and rainiest month and the beginning of the spring, with is a high contribution of the
water accumulated in the subsoil. Conversely, during summer and autumn
seasons, a very slight growing trend occurs due to the transition from the driest
month to the autumn, forcing a less water consumption and weak growth activity by

forest plantations (Figure 3.6).
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GW_Q and WYLD), for the LU_1986 and LU_2011 scenarios.
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The effect of land use/cover change (Figures 3.2) over the average monthly
values of the hydrological variables and their relative changes from 1984 to 2013,
are depicted in Figure 3.7a and Table 3.6 for scenarios LU_1986 and LU_2011.
General increasing trend prevailing in monthly ET values can be observed; relative
variation from -7.38% in January to 8.16% in October was obtained, recording a
year average increase of 4.21% (Table 3.6, Figure 3.7a). The significant increase
in the absolute annual percentage ET value (25.32 mm) can be attributed to the
increase in forest exotic plantations species by 28.61% between the analyzed

periods (Table 3.4).

Table 3.6. Monthly relative change of ET, PERC, SURQ, LAT_Q, GW_Q and WYLD,
scenario (LU_1986) v/ s (LU_2011).

Monthly relative changes (%)

MONTH ET PERC  SURQ LAT_Q GW_Q WYLD
Jan -7.38 -24.66 6.42 -11.03 2.95 2.07
Feb 2.20 -20.59 5.18 -10.01 9.63 8.04
Mar 7.27 -32.08 3.70 -9.55 16.57 13.47
Abr 4.23 -28.09 0.06 -11.54 20.85 12.14
May 4.53 -8.40 -0.29 -17.09 8.18 1.99
Jun 4.31 -3.64 2.28 -17.33 -11.57 -2.63
Jul 5.19 -3.13 2.35 -15.06 -16.86 -7.84
Ago 5.44 -3.44 3.17 -15.01 -17.62 -9.38
Sep 7.14 -6.81 4.31 -13.84 -16.25 -12.13
Oct 8.16 -13.07 4.02 -13.50 -12.81 -10.25
Nov 7.58 -21.04 5.00 -13.36 -8.35 -7.49
Dic 1.92 -21.82 5.00 -12.51 -3.11 -3.27

Annual average  4.22 -15.57 3.43 -13.32 -2.37 -1.27
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On a monthly scale, for the period between LU_1986 and LU_2011, a slightly
increasing trend in the relative changes of SURQ was observed for almost every
month of the year. Monthly variations range from -0.29% in May to 6.42% for June,
with an annual average increase of 3.43% (Table 3.6, Figure 3.7c). On the
opposite way, the LAT_Q registered a decreasing behavior for all the months of the
year, with relative changes ranging from -17.33% in June to -9.63% during March
with an annual average decrease of 13.32% (Table 3.66, Figure 3.7d). In addition,
the values obtained for PERC had a significant decreasing trend for all months,
with relative changes ranging from -28.09 in April to -3.13% in June, registering a
relative annual change of -15.57% (Table 3.6, Figure 3.7b). Such PERC decrease
of 28.86 mm (annual average), caused the reduction in the water availability from
the bottom of the soil profile to the shallow aquifer, producing a negative impact in
the GW_Q availability which reduction average recorded 31.82 mm per year. The
GW_Q values experienced relative monthly changes from 2.95% increase during
January to -17.62% in August, recording a relative annual average change of -
2.37%, with monthly increases from January to March of 11.63% and negative
values from June to December for the period analyzed (Table 3.6, Figure 3.7¢).

The greatest contribution to WYLD was caused from surface and underground
flows. The decreasing trend of GW_Q exceeded the positive effect on the basin
WYLD, resulting in a 1.27% decrease in the relative annual average yield during
the period studied, with relative monthly variations from 13.46% in March to -
12.12% during September. These results lead to a 30.03 mm decrease in the

annual average WYLD for the Andalién basin (Table 3.6, Figure 3.7f).
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Figure 3.7. Monthly averages and relative changes of (a) ET, (b) PERC, (c) SURQ, (d)
LAT_Q, (e) GW_Q and (f) WYLD for scenario (LU_1986) v/s (LU_2011).

4. Discussions

4.1. Hydrological Modeling Response
SWAT is one of the most widely used model when simulating water balance

within a basin. [64,65]. However, the software has some limitations related mostly
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to the large number of input parameters. Sometimes, several parameters must be
obtained or estimated from global databases, equations or other computer
softwares [66,67]. In this study, the rain information from CHIRPS was used as
climatic database for the model input. This conduced to a satisfactory
representation of the total flows behavior in the basin once the model was
calibrated for the different land use/coverage scenarios. Obtained results gives
validation to CHIRSP global database to be used within the SWAT model for
basins located in the south central zone of Chile. However, the results didn’t
represent properly the extreme rainfall values, overestimating the precipitation in
the study area. Such results suggested the use of calibration and validation
procedures in the present study. The results agree with Zambrano et al. [55]
findings, showing that CHIRPS database overestimate the precipitation in the
mountain range of the south central coast of Chile. However, it was also stated that,
by performing a good calibration, CHRIPS products can be used with satisfactory
results as was verified in the present study.

SWAT has experimented continuous development, in its geospatial structure,
in order to represent the physical characteristics of the landscape as realistic as
possible [68-71]. The error metrics for calibration and validation periods at the
closing point of the Andalién basin, range from “good” to “very good” categories
according to Moriasi et al. [62]. Related to the performance qualification of the
model, the fact of considering one calibration database and two long validation
periods allowed a better simulation of the different hydrological cycle components,

on a monthly, seasonal and annual scale for the three land use/cover scenarios.
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4.2. Hydrological response and LUCC

The study shows that the LUCC occurred from 1986 to 2011 in Andalién river
basin were characterized by a substantial increase in forest cover. Native forests
and scrublands were replaced partially by exotic plantations. The remarkable
impact of LUCC directly affects the behavior of the hydrological cycle components.
In this study, the ET presents the greatest variations with impacts over the basin
flow production. According to Moran-Tejeda et al. [72], the ET is the key element in
understanding the effect of the change in land use on water production. In this
basin, the increase in 25.21 mm per year of ET between LU 1986 and LU_2011,
could be caused due to the increase in forest plantations. During 1986, forest
plantations occupied 35.22% of the basin area, meanwhile in 2011 the percentage
of these exotic plantations was almost doubled, taking the 63.93% of the basin
surface. This phenomenon caused an increase in the leaf area favoring the
interception of the rain, radiation and the area available for evapotranspiration.
Such results agree and complement Neitsch et al. [73] statements, showing that the
SWAT model calculates the ET based on the evaporation of water intercepted by
the canopy, the maximum plant transpiration rate and the maximum soil
evaporation rate.

Olivera-Guerra [74], compared the rates of ET for different land cover showing
that the lowest values were estimated for grassland and tickets compared to native
forests covers and plantations of species. This fact is reflected in the study area by
comparing the forest plantation increase with the reduction in the native forest and
scrubland areas between LU 1986 and LU 2011 scenarios. For the LU 1986

scenario, 63.80% of the total area of the basin, was covered by scrublands and
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forest plantations meanwhile, for the LU_2011 scenario, 63.93% of the total area
was covered solely by forest plantations. The 28.61 % increase in the forest
plantation area has caused an annual increase in the ET rates and SURQ of 4.22%
and 3.43% respectively. Subsequently, a decrease in PERC (15.57%), LAT_Q
(13.32), GW_Q (2.37%) and in the WYLD (1.27%) is produced. In the south center
zone of Chile, similar results were reported [75] that agree with the reduction in
PERC and a high water consumption due to ET of forest plantations compared to
pastures and shrubs.

The trend towards a decrease in total flows due to the increase in forest cover
in Chile has been reported for small-scale basins [29,75,76] and meso-scale basins
[28,30,77]. Lara et al. [29] conducted a study in experimental basins. They
determined higher average annual runoff coefficients in basins covered mainly by
native forests if compared with basins dominated by exotic plantations. It was also
observed an important reduction of the total flows related to the increase in the
exotic plantations area. Besides, Iroumé and Palacios [28], observed significant
reductions in the flow rates of large pluvial basins located in the south-central zone
of Chile. The increase in the forest area was higher than 16% of the total basin area.
Additionally, Alvarez-Garreton et al. [78], demonstrated that annual runoff always
decreases with the increase of forest plantation area. —However, the magnitude of
the changes depends on several factor, including the initial percentage of the land
covered within the basin, the land use/cover type replacing, the basin area and its

type (dry or wet basins).
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The present study agrees with results above described by presenting a
significant decrease in annual total flows among the three land use/cover scenarios
studied. However, on a monthly scale, a slight increase of the total flows in summer
and autumn months was observed with a significant decrease in winter and spring
months for the 30 years studied. This result differs from that stated by Lara et al.
[29] as they observed a 20.4% of reduction in summer runoff by every 10% of
increase in forest plantations for six small watersheds.

On the other hand, Little et al. [30] also noticed that, replacing native forests
with fast-growing forest plantations has led to a decrease in summer flows by 42,7%
and 31,9% in two meso-scale basins. However, previous researches show
comparisons of land use dominated by forest plantations with native forest covered
basins. The current study presents a land use/cover dominated by forest
plantations in three different scenarios (LU_1986, LU 2001 and LU_2011), where
the native forests represent only 18.72%, 11.50% and 5.33% of the total basin area
respectively. The baseline scenario, with a 35.22% of the basin area covered by
forest plantations and the percentage of the replaced type of use/cover, creates a
seasonal scale-up effect on groundwater and the WYLD during the driest months
(summer). Not so for the winter season characterized by the highest rainfall, this,
and the 28.64% of increase in forest plantations increased the loss rates due to the
interception and evapotranspiration, which causes less water storage in the soil.

Benra et al. [79] found that exotic plantation expansion in Chile could have only
slight effects on water regulation. However, the water regulation as analyzed by
Benra et al. [79] is based on the methodology used by Jullian et al. [80]. Such study

analyses the changes in water regulation under different land use scenarios, in the
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Panguipulli commune of southern region of Chile. The methodology was based on
the Curve Number (CN) method developed by the United States Department of
Agriculture [81]. This method estimates the precipitation proportion that will be
retained, evapotranspirated and the part that will become surface runoff for different
soil types. During the validation of the CN values proposed by the United States
Department of Agriculture [82], for areas located in the northern hemisphere,
several experts from hydrology and edaphology specialties were consulted. It
should be noted that USDA [82] does not report CN values for forest plantations. In
the present study, the used method was a physically based and spatially semi-
distributed hydrological model (SWAT). This method allows to relate climate of the
study area (rainfall, temperatures) with its biophysical characteristics (topography,
soil and land use), analyzing the different hydrological processes at any point. This
methodological approach substantially improves the calculation of the water flows
circulating within the basin. Such values are validated with data observed in the
available flow stations in the basin.

In effect, Benra et al. [79] recognize that it is possible to improve their analysis,
particularly in topics regarding water regulation including more detailed data of
complex variables such as ET and crop coefficient. Additionally, they point out that
water regulation was the least affected Ecosystem Service because forest
expansion was incipient, that mean, of reduced extension. On the other hand, in the
study area of the present work, the forest plantations expansion is the main force

for land use changes, becoming the dominant use of the basin.
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The results of the present investigation could have relevant contribution for
environmental governance and planning. According to Jullian et al. [80], planning
can be very difficult in these dynamic landscapes, especially when landscape
change processes are not regulated. In the case of rural areas in Chile, most of the
Policy instruments are indicative and not normative. Therefore, effective planning of
plantation expansion, to avoid negative impacts, will most likely require a
combination, on the one hand, of market incentives (eg, forest certification) and the
appropriate application of compensation for transforming land uses towards exotic
monoculture plantations. There is a need to evaluate the commitments associated
with the conversion of land uses to forest plantations. On the one hand, the social
value of the ecosystem services provided by native forests and other types of land
cover that are being replaced should be considered. Besides, private owners
involved in the establishment of plantations should be monitored to avoid or reduce
negative environmental impacts. This is essential for integrated landscape
management.

The present study provides scientific evidences to address future water
availability problems as the growing demand for water resources faces future
scenarios of temperature increase and precipitation decrease [83—-85]. This is
particularly important for the south-central zone of Chile, which climate projections
in the coming decades (2011 -2030) estimate that temperatures could increase

between 0.5 and 1.5°C and rainfall could decrease between 5 and 20% [83].
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5. Conclusions

The SWAT model is a powerful tool for predicting the impacts of land use/cover
changes on the hydrological response of coastal basins located in the central south
zone of Chile, even with little data availability. This semi-distributed hydrological
model allows determining the hydrological cycle components” behavior such as
ET, PERC, SURQ, LAT_Q, GW_Q and the WYLD.

The total flow of Andalién basin had significant changes for the 30 years period
studied (from 1984 to 2013) with 95% reliability on a monthly scale. These results
could be explained by the continuing increase in the area occupied by exotic
plantations from 35.22%, 49.92% and 63.86% of the total area of the basin in the
LU for 1984, 2001 and 2011 respectively. In one hand, the increase of forest
plantations area by 28.64%, between LU-1986 and LU_2011 scenarios resulted in
an annual increase in ET rates (4.22%) and SURQ (3.43%), subsequently
producing a decrease in PERC (15.57%), LAT_Q (13.32%), GW_Q (2.37%) and
WYLD (1.27%)

The results of the current study could be used in public policy and decision
making discussions involving changes in the land cover, as they provide tools with
a scientific basis quantifying the impacts caused over the water resources during
the past thirty years mainly as a result of the substitution of native forests by forest
plantations. It can also be an important basis for future research including

projections of land use change combined with climatic change effects.
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CAPITULO IV: ESTIMACION DE LOS IMPACTOS DEL CAMBIO CLIMATICO
SOBRE EL BALANCE HIDROLOGICO. CASOS DE ESTUDIO: CUENCAS

QUINO Y MUCO.

En este capitulo se presentan los resultados de un articulo cientifico publicado
por la revista WATER de la casa editora MDPI indexada a la red Web of Sciences.
Este estudio se encuentra enmarcado en las cuencas de los rios Quino y Muco de
la zona centro sur de Chile donde se realiza una estimacion de los efectos que
pudiera causar el cambio climatico sobre el recurso hidrico, desde el punto de
vista de los componentes del ciclo hidrologico y en diferentes escenarios de climas
futuros. Para ello se muestran los resultados de modelaciones hidrologicas
considerando diferentes escenarios climaticos, teniendo en cuenta un periodo
histérico comprendido por datos climaticos observados en los ultimos 30 anos y
periodos futuros proyectados de acuerdo al escenario climatico RCP 8.5. Una vez
calibrado y validado el modelo hidrolégico SWAT se estima el comportamiento de
los componentes del ciclo hidroloégico para estos escenarios. Posteriormente se
discuten los resultados, se analizan sus implicancias para el recurso hidrico en la

region y se compara con los resultados de otras investigaciones.
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Abstract: In this study, the SWAT hydrological model is implemented to determine
the effect of climate change on various hydrological components in two basins
located in the foothill of the Andes: Quino and Muco rivers basins. The water cycle
is analyzed by comparing the model results to the climatic data observed in the
past (1982-2016) to understand its trend behaviors. Then, the variations and
geographical distribution of the components of the hydrological cycle were
analyzed using the RCP 8.5 climate scenario to model two periods considering the
Immediate Future (2020-2049) and Intermediate Future (2050-2079). In this way,
in the study area, it is predicted that yearly average temperatures will increase up
to 1.7 ° C and that annual average precipitation will decrease up to 210 mm for the
Intermediate Future. Obtained results show that the analyzed parameters
presented the same trend behavior for both periods of time; however, a greater

impact can be expected on the Intermediate Future. Besides, according to its
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spatial distribution, the impact worsens for all the parameters as the elevation
increases in both basins. The model depicted that, yearly average
evapotranspiration would increase around 5.26% and 5.81% for Quino and Muco
basins due to the large increase in temperature, causing, when combined with the
precipitation lessening, a decrease around 9.52% and 9.73% of percolation, 2.38%
and 1.76% of surface flow, 7.44% and 8.14% of groundwater for Quino and Muco
basins respectively with a consequent decrease of the water yield in 5.25% and

4.98% in the aforementioned watersheds.

Keywords: Climate change, SWAT model, RCP 8.5, water cycle components

1. Introduction

Climate change and anthropic alterations effect on the hydrological cycle has
achieved considerable interest in the scientific community nowadays. Several
impacts of climate change could be predicted through the variation in the
hydrological cycle [1,2]. Strong evidences relating that climate change is altering
hydrological cycles at the regional and global levels have been exposed [3,4],
indicating consistent predicted effects: changes in precipitation patterns, increased
intensity of extreme weather events, glaciers retreat and its consequent alteration
in the river discharge regimes [4].

The temperature increase and rainfall fluctuations predicted could have an
effect on the evaporation from the soil and the plants transpiration, contributing to
the emission of water vapor into the atmosphere. This increase in water vapor
could change the frequency and distribution of rainfall, thus affecting the surface
runoff and groundwater recharge regimes in the future [5,6]. Such changes, could

also increase the vulnerability of water systems, known as their susceptibility to the
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damage or lack of adaptation capacity [4]. Therefore, the understanding of present
and projected global climatic conditions becomes relevant in the determination of
vulnerabilities and the development of adaptation strategies to climate change.

In order to assess climate evolution, under different anthropogenic forcing
factors, such as greenhouse gas emissions, the General Circulation Models (GCM)
are the most reliable tools providing estimations of possible future climates based
on socio-economic and demographic factors according to different emission
scenarios. GCM often apply representative concentration pathways (RCP) for
future climate models. Such RCPs are derived from an innovative multidisciplinary
collaboration among integrated assessment modelers, terrestrial ecosystem and
climate modelers, and emissions inventory experts [7] among others.

As established by the United Nations Framework Convention on Climate
Change (UNFCCC) [8], mountain areas are highly vulnerable to climate change,
complying with seven of the nine vulnerability criteria. In this context, Andean
mountain and particularly Chile is a most diverse country from the orographic and
physical points of view. Its latitude, altitude, the influence of the Pacific Ocean and
its continentality are some the main climatic drivers of the region. Additionally, it is
affected by factors such as the influence of the Amazon in the north, the westerly
winds in the south and the Humboldt current system driven by the South Pacific
Subtropical High [9-11].

Climate variability studies performed in Chile for the XXI century by CONAMA-
DGF, [12] depict that, for the south-central zone of Chile, the rainfall regime

experimented a decreasing trend since the mid-1970s. The report also indicates
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the decrease in rainfall as well as an increase in temperatures in most of the
territory during the coming years.

Moreover, studies performed in 2011 by the Geophysics Department of the
University of Chile [13], highlight a behavior in the central-south zone,
characterized by a sustained trend for several decades. On one hand, the annual
average temperature for different sets of stations in the ocean and along the coast
have decreased by -0.15 ° C per decade; meanwhile, the central valley stations
unveil a temperature increase in the mountain range about 0.25 °C per decade
[13]. On the other hand, in the south-central region of Chile, long-term climatic
studies indicate a decrease in precipitation along with higher temperatures, greater
climatic variability and hydrological drought [14—17].

Recent studies [18-20] have implemented physically-based distributed
hydrological models driven by GCMs to understand the impact of climate change
on the hydrological process at the basin scale. The Soil Water Assessment Tool
(SWAT) is a hydrological modeling tool used to simulate and predict hydrological
processes. Nowadays, this model has been widely used by the international
scientific community [21]. SWAT allows incorporating the effect of climate change
into the simulation [22,23].

It has been stated that water resources at the pre-cordilleran basins of south-
central Chile could be significantly affected during the next century due to global
climate change [24]. This study focuses on understanding the impacts of climate
change on the components of the hydrological cycle in basins of south central

Chile. In this way, useful information is provided for the design of basin
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management strategies and regional adaptation policies that could contribute in the
mitigation of the climate change effect on water resources. Quino and Muco basins
were selected considering hydro-meteorological data availability of, at least, 35
years time series. Such basins underwent important climatic variations during the
last decades.

The study objectives consider in a first instance to analyze the annual variation
of the hydro-meteorological components in the last 35 years. Furthermore, the
prediction of the response of the hydrological cycle according to the immediate
future (2020-2049) and intermediate future (2050-2079) climate scenarios is

assessed.

2. Materials and Methods

2.1. Study Areas

Quino and Muco basins are located in the Araucania Region, in the South-
Central zone of Chile (38 ° 10'00 "S and 38 ° 40'00” S) (Figure 4.1). This zone
supports an important industrial development strongly related to forestry and
agricultural production, linked also to hydroelectric generation. It is located on the
border of two significant eco-regions for world conservation, the Mediterranean
Scrub and the temperate rainforest, within the biodiversity hotspot called Valdivian
Rainforest [25].

Selected pre-cordilleran hydrographic systems, Quino and Muco basins, have
299 and 651 km? of area and elevations ranging from 305 to 1724 mamsl and from
189 to 1469 mamsl respectively. The basins are located in a transition area

between Mediterranean dominance and temperate humid conditions [26]. Annual
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average precipitations in the basins vary between 1253 mm and 2693 mm and

annual average temperatures between 10 ° C and 12 °C.
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Figure 4.1. Geographical location map of Quino and Muco basins. Gaugin Stations: (I) Rio
Quino en Longitudinal and (IlI) Rio Muco en Puente Muco.
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2.2. Hidrological Modelling

2.2.1. Model Description

SWAT allows simulating several physical processes concerning the
hydrological cycle at different time scales. The model presents three different ways
to discretize the basin: grids, slopes and sub-basins schemes [27]. In this work, the
monthly time scale and the sub-basin scheme derived from the Digital Elevation
Model (DEM) were approached. Thereby, sub-basin configuration considers the
preservation of the channels and the natural flow path within the model. Foremost,
the waterways were defined, opting to create them from the minimum area
threshold automatically established by SWAT, achieving an accurate
representation of the channels.

Besides, hydrologic response units (HRUs) discretization method was also
applied in order to improve the simulation accuracy. HRUs were obtained by
integrating the soil type, land use and slope. This method allows reflecting more
accurately the spatial variability of the process through which rain transforms into
runoff, as well as the routing of the water in each HRU [28].

Additionally, daily climatic information on precipitation and maximum and
minimum temperatures was incorporated to calculate the main processes of the
hydrological cycle, using the Hargreaves method [29] to determine the potential

evapotranspiration
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2.2.2. Databases

The input data for SWAT hydrological model was obtained using the
Geographic Information System ArcGIS 10.4. Besides, the DEM was developed
using Alos-1 Palsar sensor images with a spatial resolution of 12.5 meters
(https://vertex.daac.asf.alaska.edu/). Soil type information was obtained from the
Agrological studies of the IX Region performed by the Natural Resources
Information Center (CIREN) in 2002 for the Araucania region [30]. The
aforementioned study provides information about the soil types present on the
study area and their associated physical-chemical properties. This information was
included in the database used in the SWAT model for the hydrological simulations
[28] . Land use and coverage data for Muco and Quino basins for 2011 was
acquired from satellite image processing carried out by Heilmayr et al. [31].

On the one hand, meteorological data used to analyze the climatic variability in
the past was extracted from the gridded product CR2ZMET developed by the Center
for Climate and Resilience Research (CR)2 (http://www.cr2.cl/) [32]. This product is
based on actual observations and atmospheric reanalysis on a 0.05° latitude-
longitude grid (~5km spatial resolution) for the continental Chilean territory. In this
study, daily meteorological information (precipitation and extreme temperatures)
was used for 35 years time period (1982-2016).

On the other hand, future climate information was obtained from the (CR)2
climate data generator [33] at a spatial resolution of 10 km (http://www.cr2.cl/). The
GCMs from the Fifth Phase of the Coupled Model Intercomparison Project (CMIP5)

report of the Intergovernmental Panel on Climate Change (IPCC), was evaluated
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and categorized according to several performance indices to find the global models
representing correctly the climate in the southeastern Pacific region [33]. Based on
this analysis, and considering the data availability, the global model MPI-ESM-MR
was used together with the Regional Climate Model System version 4 (RegCM4).
In this way, an historical data from 1976 to 2005 and a period of climate
simulations from 2007 to 2100 were used. It's important to stand out that the
database used in this work as supplied by CR2 is the only available climatic
product for the study area and that up to the date there are two simulated
scenarios: RCP2.6 and RCP8.5. In the case of RCP 2.6 scenario could only be
possible if greenhouse gas emissions become extremely controlled [4]. Even while
the climate system is in a constant change state, achieving RCP2.6 would certainly
present the smallest impacts to natural ecosystems and human activities [11]. To
reach such radiation levels, greenhouse gas emissions should be significantly
reduced [34]. Moreover, the other scenarios consider the increase of greenhouse
gas emissions and radiative forcing in different tendencies, been RCP 8.5 the most
critical scenario [11]. According to the aforementioned reasons, RCP8.5 climate
scenario from the local product RegCM4-MPI-ESM-MR was used in this work [33].
Worth noting that, the available data from CR2MET database for past climate
and data from RegCM4-MPI-ESM-MR used for future climate, were extracted at
the same geographical points (latitude-longitude) (Figure 4.2d). Point’s extraction
was carried out to avoid possible biases induced by changes in the spatial
positioning of the meteorological data provided to the SWAT model between
calibration and projection. The observational data from CR2MET and the historical

data of RegCM4-MPI-ESM-MR climate product have been validated by (CR)? in its
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report: “Regional Climate Simulations” [33]. Validation procedure was performed to
evaluate the capacity of the RegCM4 to simulate the current climate. According to
their report [33], excellent results were obtained in the model behavior for
simulating precipitation and extreme temperatures in the south central zone of
Chile.

Additionally, observed flow data were obtained from (CR)? at the closure point
of both basins, corresponding to the fluviometric stations Rio Quino en Longitudinal
and Rio Muco en Puente Muco(Figure 4.2d). In order to select the gauging points,
a consistency analysis was performed. For this purpose, the quality, coherence
and the time extension of the databases were evaluated using the fluviometric data
from CR2 [33]. Both hydrometric stations have a 95% of the information related to
daily average flow. For Quino basin, there was obtained information from 1980-
2012 and, in the case of Muco basin from 1980-2016.

Information of the cover/use, soil types, slope, points of climatic data and flows

for Quino and Muco basin are represented in Figure 4.2.
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Figure 4.2. Data used in SWAT to delimit the sub-basins, micro-basins and Hydrological
Response Units (HRU). a) Land Use, b) Soil Type, c) Slope and d) Location of climatic
information and fluviometric stations: () Rio Quino en Longitudinal and (Il) Rio Muco en
Puente Muco.
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2.2.3. Calibration, Sensitivity and Uncertainly Analysis

Calibration, sensitivity and uncertainty analysis were performed by using the
SUFI-2 algorithm (Sequential Uncertainty Fitting Version 2) [35,36] included in
SWAT-CUP (SWAT Calibration, Uncertainty Procedures) [37]. This is a semi-
automated reverse modeling procedure that combines and optimizes the modeling
parameters for an accurate result [35].

Abbaspour et al. [35] have suggested that the sensitivity analysis can be
determined through the Latin Hypercube SUFI-2 sampling, performing “n”
parameter combinations. In the present investigation, the number of combinations
was set at 500 simulations. To start evaluating the simulations, SUFI-2 determines
the relative significance of each parameter (t test), as a measure of their sensitivity
[35]. In this study, the global sensitivity method of the SUFI-2 algorithm was
implemented.

Calibration and sensitivity analysis were initiated using 24 parameters where 9
of them were selected according to the highest sensitivity to perform the calibration
(Table 1). The definition of the parameters to be calibrated and their ranges were
performed considering studies from several reports [28,37].

In a first instance, the calibration was performed on a monthly scale
considering the measured flows at the closing point of Quino and Muco river basin
corresponding to the fluviometric stations "Rio Quino en Longitudinal" and "Rio
Muco in Puente Muco" respectively using the land cover/use corresponding to
1986. The model was run considering three warm-up years (1979-1981) for the

calibration period from 1982 to 1992. Validation for both basins was determined
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applying same adjusted values used in the calibration but considering a different
set of observed data corresponding to 2011, in order to ensure that the model has
a satisfactory precision range within its applicability domain.

Then, the validation procedure for Quino basin was conducted using a
fluviometric data set from 2000 to 2013; besides, data set from 2006 to 2016 was
used for Muco basin model validation. Modeled flow representation after calibration
and validation procedures, was evaluated using statistic test such as the Efficiency
Nash Sutcliffe (NSE) index, percentage bias (PBIAS) and determination coefficient
(R2) according to Moriasi et al.[38], criteria.

Finally, after calibrated and validated with CR2MET data, the model was
executed again, with information from the climatic model RegCM4-MPI-ESM-MR in
the historical period (1976-2005) and 2 runs with projected climatic data from 2020-

2049 and 2050-2079.

2.2.4. Parametrization

The parameterization was carried out to apply the adjustments suggested in
the calibration procedure for the study basins. The global modification terms
relative (r) and replace (v), were considered based on soil type, use and cover,
location, slope, sub-basin number, soil layer, combinations of related parameters
and others as suggested elsewhere [21,39]. Table 1 shows the global modification
terms applied to the most sensitive parameters for Quino and Muco basins

parameterization.
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Table 4.1. Sensitive parameters in surface flow calculations, calibrated values.

Calibration values

Parameter Parameter description Adjusted Minimum Maximum
value value value
v_GW_DELAY.gw Groundwater delay (days) 7.4 0 132

Threshold depth of water in the
v_GWQMN.gw shallow aquifer required for return
flow to occur (mm)

2890 2395 4792

v_GW_REVAP.gw  Groundwater "revap" coefficient 0.05 0.03 0.1

r SLSUBBSN.hru Average slope length (m). 21.3 10 62
v CH K2.rte Effective hydraulic conductivity in 15.36 10 50
- - main channel alluvium.
v CH N2.rte Manning's "n" value for the main 0.01 -0.01 0.1
- - channel
v_CH_K1.sub Effective hydraulic conductivity in 495 0 153

tributary channel alluvium
Available water capacity of the soil 1.2 0.05 1.25
layer
Fraction of transmission losses from 11 0.1 1.2
main channel that enter deep aquifer.

r SOL_AWC.sol

r_CN2.mgt

2.3. Climatic Variability Analysis

Climatic variability analysis was conducted once the hydrological model was
calibrated and validated for both basins also with the CR2MET product. In this way,
meteorological elements and hydrological components such as precipitation,
temperature, ET (evapotranspiration), PERC (percolation), SURQ (surface runoff),
GW-Q (underground flow) and WYLD (discharge) were analyzed. Mann-Kendall
(MK) test [40,41] was applied in order to determine the parameters trend in the last
35 years for Quino and Muco basins.

The MK test is a non-parametric method [42] widely used in several
hydroclimatic studies [43—46].The advantage of the MK test lies in the fact that
trend analysis is almost not influenced by a small number of outliers for sequence

analysis. In this study, the significance level of the test was set as 0.05.
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The magnitude of predicted changes in the trend of the meteorological
variables was estimated using the Sen” slope method [47,48].In this technique, the
gradient was calculated as a change in the measurements, correlated to time
change units. The Theil-Sen estimator provides additional trend information on the

variation intensity [47,49].

2.4. Climatic Change Analysis

In order to perform climatic studies, the SWAT model allows incorporating
weather anomalies to simulate climate change as well as the prediction of future
weather patterns [27,50], in this way the modifications of the water balance
components can be calculated.

The basins” hydrological response is simulated using the local climate model
RegCM4- MPI-ESM-MR [33]. The future climate projection RCP 8.5 was selected
to consider the most critical scenario in CMIP5.

Yearly averages of the water cycle parameters (ET, PERC, SURQ, GW_Q and
WYLD) were obtained considering periods of thirty years. In such analysis, the
“historical period” (1976-2005) from the climate model was set as baseline
meanwhile the period from 2020-2049 was considered “immediate future” and
2050-2079 as “intermediate future”.

Both future scenarios were compared to baseline using equations No 1 and No
2 respectively at a sub-basin scale. In this way, future changes in the absolute
values of the hydrological parameters predicted could be spatially analyzed
improving the comprehension of the water cycle within the basin for the next

decades under extreme climate scenarios.
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Amnvepiate ruture= Volume 19762005 — Volume 2020-2049 (1)

AINTERMEDIATE FUTURE = Volume 1976-2005s — Volume20s0-2079 (2)

Future relative changes at a basin scale were also reported in this study. For
such analysis projected scenarios were compared to historical period according to

equations No 3 and No 4.

Y% Anmviepiate ruture=100%(Volume 19762005 — Volume 2020-2049)/(Volume 1976-2005) 3)

Y% AmntermEeDIATE FUTURE =100%(Volume 19762005 — Volumezoso-2079)/(Volume 1976-2005) 4)

The analysis was carried out on an annual scale comparing projected
scenarios to historical period in order to quantify the expected impact for the next
decades in Quino and Muco basins. Additionally, a Student's t test for related
samples was performed to determine the existence of significant differences for the
projected climatic data and the projected hydrological cycle components.

In order to determine the existence of significative differences for every
component of the water cycle among simulation results for the historical,
immediate and intermediate periods, a t-student statistic test for paired samples
was applied. The test was performed once checked that every sample could be
properly fitted to a normal distribution via the Kolmogorov-Smirnov test.
Additionally, in order to comply the test requirements, all the simulations were
performed under similar conditions but changing the climatic scenarios. In this way,
the impact of climatic change over the water cycle components distribution was
unveiled. This analysis was conducted on an annual scale, at the subbasin level,

for 30 years periods with a 95% significance level.
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3. Results

3.1. Model Calibration and Validation

According to the hydrological network, Quino and Muco basins were divided
into 99 and 91 sub-basins with average surfaces of 3.02 km? and 7.16 km?
respectively. In this way, the surface range of the sub-basins oscillates between
0.006km* and 14.33km” in Quino and between 0.01km® and 45.93km” in Muco
basin. SWAT model was run to obtain the water discharge in all the sub-basins for
both watersheds.

The model performance was calculated in the lowest basins” points
corresponding to the fluviometric stations Rio Quino en Longitudinal and Rio Muco
en Puente Muco (Figure 4.2). In Quino basin, the determination coefficient and the
Nash-Sutcliffe efficiency parameter presented performance classification of "very
good", showing R2 values of 0.88 and 0.89 and NSE 0.84 and 0.79 in the
calibration and validation of respectively on a monthly scale. For its part, the
percentage of bias in the calibration maintained a "very good" index (-3.11%), not
so the statistician obtained in the validation (-20.68) classified as satisfactory by
Moriasi et al. [38] (Figure 4.3 a). On the other hand, in Muco basin, statistics
obtained showed “very good” classification for R2 (0.88 and 0.92) and NSE (0.88
and 0.89) in the calibration and validation process respectively. The PBIAS showed
a “very good” performance in the calibration phase (5.92%) and good in the

validation phase (-11.85%) (Figure 4.3 b).

REBECA MARTINEZ RETURETA, 2021 90



CAPITULO IV

-0
160 4
140 A
r 500
120 - _
- R=0.88 R’-0.89 E
» 100 A o NSE=0.84 o NSE=0.79 E
L) Calibration PBIAS=-3.11% | Validation PBIAS=-20.68% =
E - +1000 @
; 80 - .E
8 &
w60
40 - - 1500
20 4
A
0= T T T T T //,'L r 2000
1982 1984 1986 1988 1990 1992 2000 2002 2004 2006 2008 2010 2012
Year
(a)
0
160 -
140 4
, , - 500
120 - R’=0.88 R?=0.92
. ) NSE=0.88 . NSE=0.89 —
- Calibration PBIAS=5.92% Validation PBIAS=-11.85% £
‘o 100 E
™ =
g’ 80 < - 1000 ,‘E
2 £
& 4
w60 [
I
40 4 vl - 1500
20 + l’
0 T T T L} T {’ j’| T T T T T 20@0
1982 1984 1986 1988 1990 1992 2006 2008 2010 2012 2014 2016
Year
—— Observed — —— Simulated == Rainfall
(b)

Figure 4.3. Calibration and validation of the total monthly flow for(a) Quino basin and (b)
Muco basin.

Figure 4.3 depicts the performance of the discharge simulations during the
calibration and validation periods for both basins. Performance values recorded
"very good" to "satisfactory" grades, according to the classification proposed by

Moriasi, et al. [38] considering monthly scale verification.
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3.2. Annual Variation of the Hidrometeorological Components in the Last 35 Years.

According to results reported on figure 4.4, the yearly variation trend of the
hydrological components is directly related to the meteorological parameters
(Figure 4.4). In order to evaluate such changes in the climate and hydrology of the
study basins, 35 years data within the period from 1982 to 2016 was analyzed. The
average annual temperature for the period was 10.7 ° C and 11.1 ° C for Quino
and Muco basin respectively (Figure 4.4a, h), while the Mann-Kendall test showed
a significant increasing trend, with p-value of 0.04 and 0.02 respectively.

Besides, the precipitation in the study basins presented a significant
decreasing trend during the period, with p-value of 0.002 (Quino) and 0.005 (Muco)
(Figure 4.4b, i). The mean annual precipitation values of the period for Quino basin
was 1811 mm, while for Muco basin it was 1781 mm. Such decreasing trend in
precipitation, in addition to the temperature increase during these years, could
caused a decrease in hydrological components such as ET, PERC, SURQ, GW_Q

and WYLD as shown in the model results.
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Figure 4.4. Annual variability analysis for meteorological factors and hydrological
components from 1976- 2016 in Quino (left) and Muco (right) basins. Mann-Kendall test
(MK) (significance level 0.05) and Sen’s Slope (B> 0 increasing trend and 3 <0 decreasing
trend). Temperature, precipitation, evapotranspiration (ET), percolation (PERC), surface
flow (SURQ), groundwater (GW_Q) and water yield (WYLD).
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Additionally, during the 35-year period, the evapotranspiration presented an
annual average of 643 mm for Quino and values around 646 mm for Muco basin
(Figure 4.4c, j). This parameter doesn’t show a significant trend in its behavior;
however, the remaining hydrological components presented significant trends
according to the Mann-Kendall test. Yearly mean values obtained for PERC,
SURQ, GW_Q and WYLD were 644, 377, 599 and 1111 mm respectively for Quino
basin (Figure 4.4d, e, f, g). Meanwhile, for Muco basin the annual averages for the
period were 626 mm (PERC), 378 mm (SURQ), 590 mm (GW_Q), 1081 mm

(WYLD) (Figure 4.4, k, |, m, n), showing similar behavior in both basins.

3.3. Climate Change Effect on the Hidrological Cycle Components
3.3.1. Input parameters: Temperature and precipitation

Figure 4.5 depicts expected changes in temperatures and rainfall for Quino
and Muco basin as calculated by using the local climate model RegCM4-MPI-ESM-
MR, under the climate scenario RCP8.5. Considerable differences can be
observed between the immediate and intermediate future periods. In this way,
according to the Student's t test, temperature increases significantly for both basins
for each of the projected climatic periods (figure 4.5a). A significant and increased
temperature rise can be observed as spatially represented from downstream to
upper stream both in Quino and Muco basins. Besides, predicted precipitation
changes (Figure 4.5b) indicate a significant decrease for both study areas with p-
value <0.0001 for immediate and intermediate future climatic periods. As

represented, the higher changes in precipitation for both basins are expected to
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occur upstream. Raw p-values of the tests for input data and water cycle
parameters modeled are reported as supplementary information (Table A.1).

The aforementioned increase in temperature and a decrease in precipitation
could be even expected for both climatic periods. The greatest changes are
predicted to occur in the intermediate Future, with an increase up to 1.7 ° C in the
mean yearly temperature and an average yearly precipitation decrease up to 200
mm (Figure 4.5a, b). Such trends agree with the behavior observed during

historical period.
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Figure 4.5. Changes in the yearly average (a) temperature and (b) precipitation at the sub-
basin scale, using RegCM4- MPI-ESM-MR, scenario RCP8.5. Upper basin: Quino, lower
basin Muco.
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3.3.2. Evapotranspiration (ET)

The geographic distribution of the projected changes in evapotranspiration is
represented in Figure 4.6. According to the Student's t test, for both periods
significant differences exist with p-values <0.0001 for both basins. The higher
increase in evapotranspiration is expected to occur in the mountain area of both
basins.

Yearly evapotranspiration change averages in the immediate future show
maximum projected values of 25 and 30 mm for Quino and Muco basin
respectively. Changes projected for the Intermediate Future almost double the
immediate scenario with maximum values reaching 45 mm and 65 mm,
respectively (Figure 4.6).

Immediate future (2020-2049) Intermediate future (2050-2079)

ET Change (mm)
+4 +5
+6 +10
+11 +15
+16 +20
+21 425
+26 +30

I +31 +35
I +36 +40
B +41 +45
Il +46 +50 g
B 51 +55
\ Il +56 +60
61 +65

Figure 4.6. Changes in the yearly average evapotranspiration (ET) at the sub-basin scale,
using RegCM4- MPI-ESM-MR, scenario RCP8.5.

3.3.3. Percolation (PERC)

Similarly, percolation projections in the study basins depict significant
decreasing trends during the climatic periods analyzed. Results represented in

figure 7 shows the geographical spread of the decreasing trend in this water cycle
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parameter for both basins during the next decades, with the highest changes in the
mountain area. During the immediate future, the model suggests slightest changes
in the lower and intermediate zone of both basins, with average yearly values
ranging between 10 and 39 mm. The highest changes in percolation are expected
to occur in the Intermediate Future with maximum average change of up to 210
mm in the yearly values for both study basins.

The decreasing trend is consistent in both river basins, indicating an
intensification of the trend observed during since historical period analysis. (Figure
7).

Immediate future (2020-2049) Intermediate future (2050-2079)

PERC Change mf

Figure 4.7. Changes in the yearly average percolation (PERC) at the sub-basin scale,
using RegCM4- MPI-ESM-MR, scenario RCP8.5.

3.3.4. Surface Runoff (SURQ)

Following the performed analysis, the surface runoff shows a decreasing trend
in both basins during the projected climatic periods, with a greater decrease in the
intermediate future (Figure 4.8). According to t-Student test, significant differences
could be predicted with p-values lower than 0.0001. The variation of this water

cycle parameter during the immediate future seems to be limited downstream
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changing less than 10 mm. However it would be geographically balanced in the
middle part of the basins where the largest number of sub-basins with projected
annual variation reaching 59 mm can be found. However, in the intermediate
future, Quino basin doesn’t present a clearly homogeneous correlation to height.
Meanwhile, in Muco basin, a marked decreasing variation is observed as the
height increases in almost all its sub-basins.

For both climatic periods, the statistical tests highlight a generalized and
significative decrease in the surface runoff, such trend also agrees with the

changes observed during the historical period.

Immediate future (2020-2049) Intermediate future (2050-2079)

R X o A
5 w4 SURQ Change

(mm)

I 20 -80

79 -70

Il 69 -60

I -59 -50

I -49 -40
1-39 -30

[ -29 -20

~—
\h, [ -19 10
9 -5

Figure 4.8. Changes in the yearly average surface runoff (SURQ) at the sub-basin scale,
using RegCM4- MPI-ESM-MR, scenario RCP8.5.

3.3.5. Groundwater Flow (GW_Q)

Decreasing trends could also be predicted during both periods studied, with
significant values for Quino and Muco basins for the groundwater flow. If analyzed
as spatially distributed, a generalized change strongly influenced by the sub-basins

altitude can be observed in figure 4.9.
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Immediate future (2020-2049) Intermediate future (2050-2079)

GW_Q Change
(mm)
I 204 -150
I -149 -100
I 99 -90
I 39 -80
Il 79 70
[ 59 -60
I 59 -50
49 -40
-39 -30
29 20

Figure 4.9. Changes in the yearly average groundwater flow (GW_Q) at the sub-basin
scale, using RegCM4- MPI-ESM-MR, scenario RCP8.5.

The groundwater flow projection worsens in the intermediate future with
maximum variation values obtained up to 204 mm. This downward trend seems to

be consistent with the behavior that occurred during the historical period.

3.3.6. Water Yield (WYLD)

Finally, according to the Student's t test, the projected water discharge
suggests a significant decrease in the coming decades for both study basins
(Figure 4.10), in all the sub-basins. It can be spatially distinguished that, as in the
previous parameters, there is a marked relationship between the predicted
changes and the sub-basin’s altitude, with a decrease in projected discharge
greater as the elevation increases for both hydrographic basins.

Worth noting that the trends obtained for both climatic periods seems

homogeneous showing a discharge decrease. However, this tendency seems to

Efectos del cambio de uso/cobertura del suelo sobre la respuesta hidroldgica
en cuencas del Centro Sur de Chile bajo escenarios de cambio climdtico 99



CAPITULO IV

intensify during the Intermediate Future if compared to the Immediate Future
(Figure 4.10).

The yearly average decrease in discharge for the intermediate future in the
lower and middle areas of the basins could reach 80 to 200 mm, while in the
mountainous area a drop of up to 304 mm could be expected. This significant
reduction projected for Quino and Muco basin for each of its sub-basins is also
consistent with the trend obtained in the historical period (Figure 4.10).

Immediate future (2020-2049) Intermediate future (2050-2079)

WYLD Change
(mm)

I 304 -250
I 249 -200
I -199 -150
I -149 -

Figure 4.10. Changes in the yearly average discharge (WYLD) at the sub-basin scale,
using RegCM4- MPI-ESM-MR, scenario RCP8.5.

3.3.7. Relative and absolute changes of the hydrological balance components at a
basin scale.

Table 2 shows the yearly relative and absolute changes in Quino and Muco
basins for both periods modeled at a basin scale. As it was expected from previous
sections, higher average change percentage could be expected in almost every

parameter for the intermediate future if compared to the immediate future.
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Table 4.2. Annual absolute and relative change. Climate model RegCM4-MPI-
ESM-MR projection RCP 8.5.

Annual change of water cycle parameters: Absolute and relative values.

Quino Basin

Historical Period/ Historical Period/
Inmediate future Intermediate future
Relative
Hydrological Absolute Relative Absolute change
parameter change change (%) change (%)
Temperature 0.81°C 7.55 1.52 °C 14.21
Precipitation -37.23 mm -1.6 -127.42 mm -5.4
ET 11.76 mm 2.03 30.54 mm 5.27
PERC -34.90 mm -4.11 -80.32 mm -9.52
SURQ -15.86 mm -2.73 -16.23 mm -2.38
GW_Q -21.57 mm -2.05 -64.40 mm -7.45
WYLD -44.18 mm -2.37 -95.59 mm -5.26
Muco Basin
Historical Period/ Historical Period/
Inmediate future Intermediate future
Relative
Hydrological Absolute Relative Absolute change
parameters change (mm) change (%) change (mm) (%)
Temperature 0.78 °C 7.27 1.48 °C 13.74
Precipitation -41.4 mm -1.5 -139.92 mm -5.05
ET 13.47 mm 2.35 33.52 mm 5.81
PERC -39.48 mm -3.87 -96.23 mm -9.74
SURQ -21.90 mm -2.12 -18.95 mm -1.76
GW_Q -27.61 mm -2.40 -80.82 mm -8.15
WYLD -55.82 mm -2.35 -113.58 mm -4.98

In both climatic periods, temperature is the parameter with the highest relative

change both for Quino and for Muco basin, projecting a maximum increase of
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14.78% and 14.16% respectively. Ordered from highest to lowest change are the
PERC, GW_Q, ET and WYLD parameters, while the SURQ presented the lowest
relative change with a decrease of 0.72% and 0.58% (Immediate Future and
Intermediate Future) for Quino basin and 1.31% and 0.84% (Immediate Future and

Intermediate Future) for Muco basin.

4. Discussion

It could be expected that, by incorporating the precipitation and temperature
anomaly from a future climate scenario (RCP 8.5) the remaining water cycle
components become modified, since precipitation is the main component of
change in the hydrological cycle and basically confers it mobility [51-53]. On the
other hand, temperature is one of the components governing evapotranspiration
[54], and the transpiration fraction is the process causing greatest water loss in the
basin system [55]. This is why, when these drivers become altered, the
components of the water balance are also modified.

These temperature and rainfall changes both in Quino and Muco basins seems
to induce from moderate to severe changes in the regime of the hydrological cycle
components evaluated. Obtained results imply that the average annual
temperature increase up to 1.5 ° C, representing a percentage change of 14.78%
and 14.16% for Quino and Muco respectively, leads to a decrease in PERC (-9.52
mm and -9.73mm), SURQ (-2.38mm and -1.76mm), GW_Q (-7.44mm and —
8.14mm) and WYLD (-5.25mm and -4.98mm) and an increase in ET (+5.26mm
and +5.81mm) for Quino and Muco basin respectively in the intermediate future

scenario. The potential loss of water resources through the deficit of rainfall and
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greater evaporation has been quantified in different studies, reaffirming that this
geographical area of Chile is particularly vulnerable to climate change [16,56-59].

On the other hand, in both study basins, on a spatial scale, it can be observed
that the annual average changes for both study periods (immediate future and
intermediate future) present the same behavioral trend following a staggered
pattern. It is relevant that the greatest changes in ET, PERC, SURQ, GW_Q and
WYLD take place in the mountainous zone (pre-mountain range) and minor
changes in the alluvial plain (central depression). The behavior of these
parameters is directly related to the temperature increase behavior between 0.5 °
C and 1.7 ° C from the lower part to the upper part of the basin respectively and a
decrease in precipitation of 10 to 200 mm between the two time periods for these
geographical areas.

A similar behavior, differenced by geographical area was also reported by
Falvey and Garreaud [60]. They observed a cooling of coastal temperatures and a
gradual warming over the Andes Mountain Range for the central and northern zone
of Chile. Besides, they reported a decrease in temperatures (-0.15 ° / decade)
along the coast, slight increases both in the central valley and the mountain range
stations, with a significant increase of almost + 0.25 ° C per decade. The
orographic effect induced by the Andes Mountains on precipitation defines a
remarkable character of the hydrological regime in the central-southern region of
the country, where precipitation on the slopes of the mountains can be from two to

three times greater than in the lower elevations [59,61]. This effect, in addition to
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the climatic projections, could cause a greater change for the windward Andes’
slope.

Several studies suggest variable hydrological responses of the water cycle
parameter as the effect of future climate change scenarios around the world. For
instance, Chien et al. (2013) suggest an annual flow reduction around 41.1% and
45.2% for the period from 2051-2060 in a study including four basins of the mid-
west zone of the United States. Qi et al. (2009) indicate that increasing 2.8 ° C in
temperature causes a change in real evapotranspiration and water production of +
6.2% and -13.9%, respectively. Andreini et al. [62]concluded that the large
changes that occur in surface runoff correspond to a lesser change in precipitation.
Additionally, in India, Pandey et al. [63] quantified the climate change impact
(2071-2100) in the Armur basin using SWAT, suggesting that evapotranspiration
and water production will increase 28% and 49%, respectively.

Grusson et al [19] also compared different climatic ensembles in the south
zone of France during 2010-2050. In their study, a strong impact on green water
was shown, specifically a reduction in soil water content (SWC) and a substantial
increase in evapotranspiration (ET) in winter. In summer, however, the ET faces
lower flows due to the lack of SWC, which highlights future deficits of green water
reserves. Besides, Yu et al [23] showed an increase in annual runoff depth at the
northeast zone of China by 18.1% (RCP 2.6), 11.8% (RCP 4.5), 23.6% (RCP 6.0)
and 11.5% (RCP 8.5), compared to the base years. Therefore, worldwide, a
differentiated behavior can be observed depending on the physical-geographical

conditions of each study area.
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Specifically in Chile, Stehr et al. [24] modeled the hydrological response to
climate change in two sub-basins of the Biobio River, depicting that a 30% of
decrease in the precipitation could conduct to a 45% and 32% reduction in the
water flow of the study sub-basins. In addition, Barrientos et al. [64] recently
reported an study also conducted in experimental subbasins of the BioBio river
obtaining similar results in the trends. Even when these forecasts suggest more
dramatic reductions in precipitation and runoff than the present study, the observed
trends becomes similar. Generally, as it has been reported by the CR2 group
studies [33] and as the aforementioned studies suggests , the warming effects and
its consequences seems to be greater for northern than for southern zones in Chile
[33].

Finally, the present study showed that future climate projections maintain the
same behavioral trend that was evidenced in the simulated past. This similarity
shows the quality of the data used for the study and the correct performance of the
calibration and validation for both study basins (Quino and Muco). In this way, it
can be stated that the performance metrics calculated after the configuration of the
SWAT model by the calibration and validation procedures are functional for long-
term hydro-climatic evaluation in the south-central zone of Chile.

However, as temperatures rise and precipitation decreases, the land cover/use
is unlikely to remain unchanged until 2079 even without human intervention. It
become necessary to develop studies addressing the individual and combined
effects of the land use/cover change and future climate change in basins of the

south central zone of Chile. The importance of treating the data in this way is to
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determine which of the alterations can affect the hydrological components to a
greater and lesser extent in order to determine their individual and combined effect.
This could help on the one hand understanding the effect of these two stressors on
the components of the hydrological cycle and, on the other hand, to address most
probable future scenarios. The present manuscript provides the first results to
determine the importance of the individual effect of climate change in the south
central zone of Chile. Future works of the investigation group will intend to study

the problems described above

5. Conclusions

The study determined the possible effects of future climate on the water
balance of Quino and Muco basin for a land use/cover by using the SWAT
hydrological model. The hydrological response of the basin was simulated using
the local climate model RegCM4-MPI-ESM-MR, for the future climate projection
RCP 8.5, as it is the most critical scenario in CMIP5. The future projection was
divided into two time periods (Immediate Future and Intermediate Future). A
calibration and sensitivity analysis were carried out to ensure that the hydrological
model output is reliable. The results show for both analysis periods an increase in
temperature and a decrease in precipitation. The analyzed parameters show the
same trend behavior for both time periods; however, a greater impact on the
Intermediate Future could be expected.

For the Intermediate Future, on an annual average, temperatures are expected
to increase up to 1.7 ° C and rainfall will decrease by around 210 mm. In

consequence, as temperature rises up, ET would increase causing, as combined
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with the precipitation effect, a decrease in PERC, SURQ, GW_Q and WYLD.
Additionally, the study results suggest that the expected changes for both periods
of time would present the same behavior that occurred in the past since the 1980s,
with a greater effect on the Intermediate Future.

The present investigation results could be useful to future studies in areas
composed mainly by native forest cover, forest plantation and agriculture.
Furthermore, information is provided to investigate how future climate changes
could affect hydrological processes in watersheds located in the central south zone
of Chile. The data and results shown here could help in the integrated and

sustainable basin management within the region.
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Appendix A

Table 4.A.1. Raw p_values for t-student mean comparison test: Climatic

scenarios pairs.

Average values comparison. Climatic Model RegCM4-MPI-ESM-MR; projection
RCP 8.5.

Quino Basin

Hydrological
Historical Period / Historical Period / Inmediate future /
parameters
Inmediate future Intermediate future Intermediate future
Precipitation 2.22162E-44 2.22507E-58 9.42665E-62
Temperature 3.166E-154 1.2993E-128 3.793E-110
1.0493E-44 1.47193E-56 2.23042E-59
PERC 1.12169E-40 8.92672E-42 1.97279E-41
SURQ 6.1165E-34 7.69659E-53 9.02548E-33
GW_Q 2.78038E-52 1.84815E-37 5.75124E-32
WYLD 7.16781E-52 6.69911E-55 3.25865E-53
Muco Basin
Hydrological
Historical Period / Historical Period / Inmediate future /
parameters
Inmediate future Intermediate future Intermediate future

Precipitation 1.17591E-10 2.24552E-32 6.56955E-40
Temperature 4.73665E-86 2.8399E-100 1.08209E-98
ET 6.70625E-28 3.30886E-42 3.51845E-51
PERC 2.21472E-21 5.97748E-42 5.8181E-46
SURQ 1.77134E-06 7.06603E-19 8.57832E-35
GW_Q 3.90917E-18 1.20551E-40 1.14199E-47
WYLD 2.6065E-12 5.32872E-34 6.41939E-43
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CAPITULO V: INFLUENCIA DEL CAMBIO CLIMATICO Y USO/COBERTURA
DEL SUELO EN EL BALANCE HIDROLOGICO. CASOS DE ESTUDIO:

CUENCAS QUINO Y MUCO.

En el presente capitulo se muestran los resultados obtenidos en la
preparacion de un articulo de investigacion para su envio a una revista la red
WOS. En este se abordan las influencias del LUCC y el cambio climatico sobre los
componentes del ciclo hidrolégico y, de esta forma, sus consecuencias sobre la
disponibilidad del recurso hidrico en el Centro-Sur de Chile, especificamente las
cuencas de los rios Quino y Muco de la IX region. Para ello, se modelaron seis
escenarios donde, considerando una linea base, se estudio el efecto que pudieran
causar ambos efectos, de forma individual y combinada. De esta forma se pudo
dilucidar la mayor o menor influencia de cada uno de los cambios proyectados en
las cuencas de estudio asi como la forma sinérgica en que actuan ambos

estresores sobre el comportamiento de los parametros hidrolégicos.

Resumen

El cambio de uso/cobertura del suelo (LUCC) y el cambio climatico afectan la
disponibilidad de los recursos hidricos al alterar la magnitud de la escorrentia
superficial, la recarga de los acuiferos y los caudales de los rios. Es por ello que
su estudio ayuda a identificar el nivel de exposicion de los recursos hidricos a los
posibles cambios, facilitando asi la planificaciéon de la capacidad de adaptacién
potencial de las cuencas hidrograficas. En esta investigacion, se realizdé una

regresion logistica para predecir el escenario futuro de LUCC (Escenario forestal)
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y se utilizé el modelo climatico local RegCM4-MPI-ESM-MR para dos periodos de
tiempo comprendidos entre 2020-2049 y 2050-2079, bajo la proyeccion del
escenario climatico futuro RCP 8.5. Utilizando datos historicos de clima y de uso
de suelo, asi como las proyecciones generadas, el modelo SWAT fue
implementado para evaluar la respuesta hidrolégica de las cuencas hidrograficas
de los rios Quino y Muco del centro sur de Chile, ante estos escenarios,
permitiendo analizar los efectos provocados por el LUCC y el cambio climatico de
forma independiente asi como las consecuencias de la combinacién de ambos
efectos. Los resultados muestran que los LUCC realizados en la zona entre 1986 y
2011 condujeron a un aumento significativo de la evapotranspiracion, escorrentia
superficial y flujo lateral con una disminucién también significativa en la
percolacion y flujo subterraneo, ocasionando un descenso del rendimiento hidrico.
Este comportamiento puede ser asociado principalmente con la expansion de las
tierras agricolas (8.5% y 7.4%) y plantaciones forestales (17.8% y 12.7%) asi
como la disminucién de bosques nativos (23% y 13.2%) y matorrales (3.5% vy
7.4%) para las cuencas Quino y Muco respectivamente entre el LU_1986 y
LU_2011. Por su parte los LUCC futuros y el cambio climatico en su efecto
individual y combinado conducirian a escenarios de mayor escases hidrica. La
mayor sensibilidad en estas cuencas estaria asociada a los posibles LUCC,
agudizando su impacto al incorporar el efecto del cambio climatico. De este modo,
el aumento de la evapotranspiracion y la disminucion del rendimiento hidrico se
deben fundamentalmente al aumento de plantaciones forestales proyectada en un

8.1% y 14.1%, lo que unido al aumento de las temperaturas en 1.5°C y la
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disminucién de las precipitacion en 127mm y 140mm para la cuenca Quino y Muco
respectivamente, afectaria la disponibilidad del recurso hidrico en las cuencas de

estudio en el futuro.

V.1. Introduccién

De acuerdo a diversos estudios realizados, el cambio del uso/cobertura del
suelo (LUCC) y el cambio climatico, provocados, entre otros factores, por el
desarrollo econdmico mundial y regional, afectan la disponibilidad de los recursos
hidricos, con escenarios preocupantes para el futuro [1-6]. El rapido crecimiento
de la poblacion y la creciente demanda de los recursos hidricos y alimentos,
combinados con la alta variabilidad de las precipitaciones y los extremos
hidrolégicos frecuentes, socavan aun mas el medio ambiente al alterar la
disponibilidad de diferentes recursos biofisicos [7]. Ademas, la expansion e
intensificacion de las tierras agricolas, el desarrollo de areas urbanas, asi como la
necesidad de extraer productos de madera y combustibles estan aumentando para
satisfacer las necesidades de una poblacion en aumento [8]. EI LUCC no solo es
un problema ambiental local, sino que también se esta convirtiendo en una fuerza
de importancia mundial [9,10]. Por otro lado, el cambio climatico tiene el potencial
de imponer una presion adicional sobre la disponibilidad y accesibilidad a los
recursos hidricos [11]. Se espera que estos cambios produzcan efectos
ambientales perjudiciales, aumentando asi la necesidad e interés por determinar

su efecto en los procesos hidrolégicos a diferentes escalas.

De este modo, factores como la demografia, las instituciones, la tecnologia, y

las actividades macroecondmicas entre otros, conllevan a alteraciones extensas
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del uso del suelo, afectando por consiguiente los sistemas hidroldgicos, tanto a
nivel de cuenca como regional [8,12]. Asimismo, el LUCC es uno de los forzantes
mas importante entre los componentes terrestres y atmosféricos del ciclo
hidrolégico [7,13] y esta fuertemente relacionado con la cantidad de agua a través
de los procesos hidrologicos [14]. Por otro lado, el cambio climatico afecta el ciclo
hidrolégico al cambiar el patrén espacio-temporal de las precipitaciones y, en
consecuencia, la escorrentia sobre las cuencas hidrograficas, perturbando el
comportamiento de los caudales en la cuenca [15]. Por lo tanto, los rapidos
cambios en el uso/cobertura del suelo, junto con el cambio climatico, podrian
conducir a un aumento de los impactos hidrologicos sobre las cuencas

hidrograficas al alterar la magnitud del proceso hidrolégico [16,17].

Entender como el LUCC y el cambio climatico perturban la hidrologia de las
cuencas, y como esto varia desde la escala global a la regional y local es
fundamental para la gestién integrada del recurso hidrico. Por lo tanto, se
requieren investigaciones cientificas para comprender las interacciones entre
LUCC y el cambio climatico asi como sus efectos, para enfrentar la gestion del
recurso hidrico y el medio ambiente de cara a cambios futuros. Es de este modo
que, los nuevos conocimientos en el area, asi como las opciones de gestion,
pueden facilitar enfoques mas proactivos para la proteccion de los recursos

hidricos.

De acuerdo a la literatura consultada, pocos estudios han reconocido

explicitamente el efecto combinado del LUCC y el cambio climatico en diferentes
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partes del mundo [15,18,19]. Sin embargo, la importancia de los posibles impactos
que han sido predichos la ha convertido en una de las areas de investigacion mas
abordados en la actualidad [20-23]. De acuerdo a estos estudios, la respuesta
hidrolégica de las cuencas al LUCC varia con el clima y las caracteristicas fisico-
geograficas del area. Asimismo, Qi et al. [18] mostraron que se espera que los
cambios hidrologicos futuros y el LUCC sean especificos del sitio, y que la
variabilidad climatica es un factor importante para controlar el proceso hidrologico

de la cuenca.

En general, la mayoria de estos estudios sobre LUCC han ignorado los
efectos del cambio climatico y viceversa. Los detalles de su interaccion aun se
encuentra en discusion ya que estan altamente interrelacionados; esto en adicién
a que el conocimiento de los impactos a distintas escalas espaciales, relevante
para los actores locales, agricultores y tomadores de decisiones, es aun limitado
[24]. Se hace necesaria la comprension de los impactos causados por el LUCC y
el clima para mitigar los efectos adversos sobre los recursos hidricos mediante la
gestion integrada de cuencas y asi lograr ecosistemas saludables. [24]. En
consecuencia, se requieren estudios que consideren los efectos aislados vy

combinados del LUCC y cambio climatico, a escala regional y local.

Las zonas pre-cordilleranas del centro sur de Chile, presentan una compleja
topografia, la que muestra una heterogeneidad climatica vertical acentuada que a
su vez eleva la fragilidad y vulnerabilidad de los recursos hidricos para enfrentar
estresores como el cambio climatico, el LUCC y la explotacién insostenible de sus

recursos. Por lo mismo en el presente capitulo se determinaron dos cuencas pre-
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cordilleranas de centro sur de Chile (cuenca Quino y Muco) para determinar el
efecto de la respuesta hidrologica ante posibles escenarios de LUCC y cambios
climaticos futuros. En el estudio se utiliz6 el modelo hidrolégico SWAT para
evaluar el impacto de estos estresores sobre la respuesta hidrolégica de la cuenca
Quino y Muco. Especificamente, este estudio tuvo como objetivos (1) modelar y
evaluar los impactos del LUCC historico sobre los recursos hidricos y (2) modelar
y evaluar los efectos aislados y combinados del LUCC futuro y cambio climatico
sobre los recursos hidricos. Los hallazgos de estos estudios brindan informacién
plausible sobre la vulnerabilidad de las cuencas Quino y Muco ante los efectos
individuales y combinados del LUCC y los cambios climaticos proyectados al

futuro.

V.2. Materiales y métodos

V. 2.1. Aplicacion del modelo SWAT en el area de estudio

El estudio se encuentra enmarcado en las cuencas de los rios Quino y Muco
en la Region de la Araucania, las que fueron descritas en el capitulo anterior
(figura 4.1, figura 5.1). Para las simulaciones, el modelo SWAT fue implementado
con informacion de tipo de suelo, uso/cobertura del suelo, topografia, e
informacion climatica tal como precipitacion, temperatura minima y temperatura

maxima a escala diaria.
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Figura 5.1. Area de estudio y metodologia de simulacién hidrolégica.

La simulacion del ciclo hidrolégico fue realizada para el periodo 1980-2016;
con tres afnos de calentamiento. De este modo la calibracion y el analisis de
incertidumbre y sensibilidad fueron realizados considerando la variable caudal,
implementando el algoritmo SUFI-2 [25,26], incluido en el programa SWAT-CUP.
Asimismo, la parametrizaciéon de ambas cuencas fue llevada a cabo en el punto de
cierre de ambas cuencas de forma similar a como ha sido reportado anteriormente
(ver Figura 4.2). Ambas cuencas presentaron ajustes hidrolégicos evaluados entre
“satisfactorio” y “muy buenos” de acuerdo a la clasificacién sugerida por Moriasi et
al. [27] en los criterios de eficiencia: Nash-Sutcliffe (NS), PBIAS y el coeficiente de

determinacion (R?) .

Una vez calibrado y validado el modelo, fueron incorporados en SWAT los

escenarios de uso/cobertura del suelo y de anomalia climatica para simular el

REBECA MARTINEZ RETURETA, 2021 124



CAPITULO V

cambio de uso/cobertura del suelo para luego incorporar los patrones climaticos
futuros simulados por CR? [28,29]. Esto permitié cuantificar las modificaciones de
los componentes del balance hidrico por los efectos individuales y combinados

(Figura 5.1).

V.2.2. Escenario del uso/cobertura del suelo futuro: Escenario forestal.

Para la modelacion del LUCC futuro fueron utilizados tres productos
cartograficos desarrollados por Heilmayr et al. [30] correspondientes a los
uso/cobertura el suelo para los afios 1986, 2001 y 2011. Los mapas de
uso/cobertura del suelo de 1986 y 2001 fueron considerados como linea base. Se
identificaron las variables que determinan el establecimiento de las plantaciones
forestales en las cuencas; entre las que destacan la elevacion, pendiente, tipo de
suelo, uso/cobertura del suelo, caminos, cuerpos de agua y centros poblados. De
esta forma fue determinada la relacion entre el patrén espacial de la expansion
forestal (variable dependiente) y sus factores forzantes (variables independientes)
la cual fue cuantificada a través del ajuste del modelo de regresion logistica

(ec.5.1) [31]. El proceso fue llevado a cabo utilizando ARCGIS 10.4.1.

eBO+Z?=1 Bixi
1+ePo+¥l Bix;

Ply=1|x) = (5.1)

Con el objetivo de verificar la precision del modelo se llevo su calibracion y
posterior validacion. De este modo se realizé la simulacion del escenario de LU-
2011 para su validacion con el producto cartografico real. Los parametros

obtenidos por medio del modelo de regresion logistica fueron utilizados para la
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simulacion del escenario futuro de expansion forestal al afio 2051 siguiendo los
patrones de crecimiento de las areas de plantaciones forestales en las cuencas
bajo analisis y considerando la actual legislacién (ley 202831) [32], sobre la

recuperacion del bosque nativo y fomento forestal.

V.2.3. Respuesta hidrolégica al LUCC y al cambio climatico: Efectos individuales y

combinados.

Para evaluar la influencia individual y combinada de la dinamica del LUCC y el
cambio climatico en los componentes hidrolégicos, se implementé un disefio
experimental con dos variables. La primera variable a considerar es el uso del
suelo con dos niveles: LU_2011 y LU_2051 (escenario forestal), mientras la
variable climatica presenta tres niveles: Periodo histérico (datos meteorologicos de
1976-2005), futuro inmediato (2020-2049) y futuro intermedio (2050-2079). De
esta forma se establecen seis combinaciones que consideran una linea base
(LU_2011, periodo climatico historico) y cinco posibles escenarios futuros.

Se evaluaron asi los cambios entre los cinco escenarios generados con
respecto a la linea base, permitiendo analizar el efecto aislado y combinado del
LUCC futuro y cambio climatico para las cuencas de estudio. EIl modelo SWAT
calibrado y validado para la linea de base se aplico para la combinacién entre los
dos uso/cobertura del suelo (LU_2011 y LU_2051) y los dos periodos de cambio
climatico (2020-2049 y 2050-2079). Los escenarios simulados utilizando SWAT

son presentados a continuacion:
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Tabla 5.1. Escenarios modelados

Escenarios de Uso/Cobertura de Suelo

LUCC 2011 LUCC 2051
1976-2005 Escenario Historico (Linea Escenario 3 (S3)
Escenarios base)
2020-2049 Escenario 1 (S1) Escenario 4 (S4)
climaticos
2050-2079 Escenario 2 (S2) Escenario 5 (S5)

Con el fin de evaluar los impactos individuales y combinados del clima y la
dinamica del uso/cobertura del suelo en los parametros del ciclo hidrolégico (ET,
PERC, SURQ, GW_Q and WYLD), los escenarios simulados se compararon con
la linea de base utilizando la ecuacion 5.2, a una escala de subcuencas,
determinado la variacidon absoluta de cada parametro segun fueron calculados en

la modelacion.

A Cambio amboluto= VOIUMENEscenario Histérico— VOIUMENEscenarios simulados (2)

De esta forma, los cambios esperados en valores absolutos de los parametros
hidrologicos predichos podrian determinar la alta sensibilidad de los componentes
del balance hidrico ante escenarios futuro de uso/cobertura del suelo y cambio
climatico lo que podria mejora la comprension del ciclo del agua dentro de las

cuencas de estudio.
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V. 3. Resultados y discusion

V.3.1 Escenarios de LUCC: Analisis de periodos historicos.

La Figura 2 y Tabla 1 muestran el cambio de uso/ cobertura del suelo entre
los afios 1986, 2001 y 2011 en la cuenca Quino y Muco. Se pudo observar para
ambas cuencas de estudio que se produjeron cambios considerables en el
uso/cobertura del suelo en este periodo dominando un crecimiento del area
cubierta por plantaciones forestales. En las cuencas Quino y Muco, la extensién
de bosques nativos disminuyd en un 23% y 13.3% mientras que el area ocupada
por matorrales disminuy6 en un 3.5% y 7.4% del area total respectivamente. Estos
tipos de uso/cobertura de suelo fueron reemplazados principalmente por
plantaciones forestales exdticas, llegando a cubrir el 21.3% de la superficie total
de la cuenca Quino y el 14.2% de la superficie total de la cuenca Muco en el afio

2011.

La distribucion espacial de ocupaciéon de las plantaciones fue de manera
creciente para ambas cuencas desde las tierras medias-altas durante 1986 hasta
las tierras medias-bajas en 2011. Este comportamiento podria deberse a la
cercania con los nucleos urbanos, caminos y carreteras donde se ubican los
principales centros de produccion relacionados con esta materia prima (industria
de la celulosa y materiales de construccion). Concentrando el bosque nativo y

matorrales en la zona mas alta de ambas cuencas hacia el 2011.

Las areas agricolas, por su parte, tuvieron un comportamiento creciente para
todos los escenarios de uso/cobertura de suelo, dominando las areas bajas y

media de ambas cuencas. En la cuenca Quino la agricultura mostré un aumento
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de 4.6% para el periodo de 1986 al 2001 mientras que para el periodo de 1986 al
2011 duplicé casi la cifra en un 8.5%. Por su parte, en la cuenca Muco la
agricultura mostré un crecimiento de 7.4% tanto para el periodo de 1986 al 2001
como para el periodo de 1986 al 2011 (Figura 5.2, Tabla 5.1).

Quino Basin Muco Basin
; o,

LU 1986 =«

LU_2001

LU_2011

Legend
Land Use
I Native Forest Agriculture [l Plantaton [ scrub Other

Figura 5.2. Representacion espacial de usos de suelo histéricos LU 1986, LU_2001 y
LU _2011.

El analisis de series de tiempo de LUCC entre 1986 y 2011 indica una
expansion de las plantaciones y terrenos agricolas con una reduccién del bosque
nativo y matorrales (Figura 5.2, Tabla 5.1). El bosque nativo y la plantacion forestal
fueron las coberturas terrestres con mayores porcentajes de cambio con respecto

al uso de suelo existente en 1986.
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Tabla 5.2. Porcentajes de area de uso de suelo para los escenarios LU_1986, LU_2001 y
LU 2011 y sus cambios relativos.

Land U LUCC (%) Cambio relativo(%)
and Use 1986 2001 2011 1986-2001 20012011 1986-2011
Cuenca Quino
?\f;st?\;‘: 49.15 33.38 26.19 -15.77 -7.19 -22.96
Plfaor:tei‘t:;cl’zfs 3.47 13.92 21.25 10.45 7.33 17.79
Matorrales 13.50 14.85 9.96 1.35 -4.89 -3.54
Agricultura 27.06 31.62 35.57 4.56 3.94 8.51
Otrosr 6.83 6.23 7.04 -0.60 0.80 0.21
Cuenca Muco
?\f;st?\;‘: 48.09 38.39 34.80 -9.70 -3.59 -13.29
Plfaor:tei‘t:;cl’zfs 1.56 9.06 14.24 7.50 5.18 12.68
Matorrales 15.79 13.47 8.40 2.32 -5.07 -7.39
Agricultura 20.25 27.66 27.66 7.41 0.00 7.41
Otrosr 14.31 11.41 14.90 -2.90 3.49 0.59

V.3.2. Impactos del LUCC en la respuesta hidrologica: Analisis de periodos

historicos.

El cambio de uso/cobertura de suelo para las cuencas Quino y Muco mostro
un cambio importante entre LU_1986 y LU_2011, considerando el LU_2001 como
periodo de transicion para el estudio. Por lo tanto, solo los datos de uso/cobertura
del suelo para 1986 y 2011 fueron considerados para la determinacion de los
impactos del LUCC histérico en la respuesta hidrolégica de ambas cuencas.

La Figura 5.3 muestra los promedios anuales para el periodo de 1982 a 2016
de evapotranspiracion, percolacion, flujos superficiales, agua subterranea vy flujo
total obtenidos tras la simulacion en SWAT para los escenarios LU_1986 y
LU_2011 para la Cuenca Quino y Muco. Se puede observar que para ambas
cuencas los parametros hidrologicos estudiados presentan comportamientos

similares. La evapotranspiracion (ET) presento tendencias crecientes significativas
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entre los escenario de uso/cobertura de suelo de 1986 y 2011 tanto para la cuenca
Quino como para Muco presentando cambios absolutos en su promedio anual de
15.3mm y 25.9mm lo que representa un aumento de valores relativos de 2.4% y
4.2% respectivamente (Figura 5.3a, b). El aumento de la evapotranspiracion se
debid principalmente al aumento de las areas de plantaciones forestales que para
LU_2011 ocupaban el 21.3km? y el 14.2km? con variaciones porcentuales en el
periodo de 17.8% y 12.7% para las cuencas Quino y Muco respectivamente. Este
comportamiento fue evidenciado en el estudio de Shi et al. [3] quienes indicaron
que los principales efectos de LUCC en el ciclo del agua son los cambios en la ET,
la capacidad del suelo para retener agua y en la capacidad de la vegetacion para
interceptar la precipitacion.

Por su parte la percolacion (PERC) presentd una disminucién significativa
entre LU_1986 y LU_2011 para ambas cuencas de estudio con valores de cambio
en el promedio anual de 76.8 mm para la cuenca Quino y 83.4 mm en la cuenca
Muco lo que representa un 11% y 12.2% de cambio relativo respectivamente

(Figura 5.3a,b).
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Figura 5.3. Promedio anual de los parametros del ciclo hidrolégico de la (a) Cuenca
Quino y (b) Cuenca Muco: Escenarios de uso de suelo LU_1986 y LU_2011. Cambio
relativo entre ambos escenarios (recuadros superiores)

La escorrentia superficial (SURQ) y flujo lateral (LAT_Q) mostraron tendencias
crecientes significativas para ambas cuencas de estudio. Para la cuenca Quino los
valores medios anuales fueron de 45.9 mm y 10.1 mm lo que represento el 14.1%
y 11 % de cambio relativo respectivamente entre los uso/cobertura del suelo
analizados (Figura 5.3a). Por su parte la cuenca Muco presenté cambios relativos

mas bajos (0.2 % y 6.3 %) de SURQ y de LAT_Q respectivamente (Figura 5.3b).

La reduccion de la infiltracion de agua del suelo ha provocado una disminucién
del flujo de agua subterranea (GW_Q) en la cuenca Quino y Muco. Esta
disminucién del GW_Q, con diferencias significativa en ambas cuencas, alcanzé
valores de cambios absolutos de 99.6 mm y 59.7mm representando el 15% y
10.1% en su cambio relativo. El aumento en el flujo superficial y la disminucion de

la recarga de agua subterranea puede ser asociado principalmente con la
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expansion de las tierras agricolas (8.5% y 7.4%) y plantaciones forestales (17.8%
y 12.7%) y la disminucion de bosques nativos (23% y 13.2%) y matorrales (3.5% y
7.4%) en la cuenca Quino y Muco respectivamente entre LU_1986 y LU_2011.
Esto revela que la conversion masiva del LUCC a agricultura y plantacién exotica
intensiva pudiera reducir la capacidad de infiltracion del suelo, provocando que
una gran parte de la lluvia se convierta directamente en escorrentia superficial [33]
y otra sea absorbida por las plantaciones de rapido crecimiento acarreando una
disminucién del flujo subterraneo y del rendimiento hidrico [34] (WYLD) de las

cuencas Quino y Muco(Figura 5.3a,b).

El rendimiento hidrico en ambas cuencas mantuvo una tendencia decreciente
significativa con valores de 4.5% y 5.3% en promedio anual relativo durante el
periodo estudiado. Esto significd una disminucion de 47.2 mm y 55.4 mm en el
promedio del rendimiento hidrico anual de las cuencas Quino y Muco
respectivamente (Figura 5.3a,b). Evidencia reciente de Dibaba et al. [8] en la
cuenca de Finchaa, Etiopia informd6 que, debido a los grandes cambios en LUCC,

los manantiales en la cuenca se secan y el nivel de agua en los pozos disminuye.

V.3.3. Respuesta hidrolégica al LUCC y al cambio climatico: Efectos individuales y

combinados.
V.3.3.1. Escenario de expansion forestal

La figura 5.4 muestra el escenario base de uso/cobertura del suelo (LU_2011)
y el escenario futuro de expansion forestal (LU _2051) modelado para cuantificar el

efecto del cambio de uso/ cobertura del suelo futuro sobre los recursos hidricos.
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Se puede observar de manera espacial que la expansion de plantaciones
forestales se proyecta principalmente en la zona media y baja de la cuenca
tomando algunas zonas altas de las cuencas, fundamentalmente donde se
encuentran areas de matorrales. Aun cuando el modelo proyecté (simulo) la
expansion forestal sobre coberturas de bosque nativo; es decir, la sustitucion de
bosque nativo por plantaciones forestales, proceso observado no solo en las
cuencas bajo analisis si no en casi todo el centro sur de Chile [30,35,36], se ha
decidido no considerar este proceso en los escenarios futuros debido a que la
actual legislacion forestal ha generado un marco regulatorio que incentiva la
proteccion del bosque nativo a través de acciones de manejo y conservacion [32].
De esta manera, se cobertura de bosque nativo identificada en el afno 2011 se

mantiene sin transformaciones hacia el futuro (figura 5.4).

El cambio porcentual proyectado para las cuencas Quino y Muco entre
LU 2011 y LU_ 2051 provee un aumento considerable de las plantaciones
forestales en un 8.1% y 14.1% lo que representa una ocupacién del 35.4% vy el
22.3% del total de las areas de las cuencas para 2051 respectivamente. Por su
parte este escenario de aumento en las plantaciones forestales proyecta una
sustitucion principalmente de los terrenos agricolas (2.1% y 7.01%), matorrales

(3.4% y 4.3%), y praderas (2.9% y 2.9%) respectivamente.
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Quino Basin
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Figura 5.4. Representacién espacial y porcentaje de area de cambio de uso de suelo para
LU_2011y LU_2051.

V.3.3.2. Proyecciones futuras de Cambio Climatico.

Las proyecciones de cambio climatico futuro utilizadas para cuantificar el
efecto sobre los recursos hidricos fueron detalladas en el capitulo IV (Seccién 2.4).
Teniendo en cuenta estos escenarios, la tabla 2 muestra los cambios medios
anuales de la temperatura y precipitacion para los dos periodos de cambio
climatico analizados en el estudio. Las temperaturas en la cuenca Quino y Muco
para el futuro inmediato (2020-2049) presenta un aumento de 0.8°C, mientras que
la proyeccion del futuro intermedio (2050-2079) se incrementa en 1.5°C en
promedio anual para ambas cuencas. Por su parte la precipitacion proyecta un

comportamiento decreciente con disminuciones promedio anuales de 37mm vy
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127mm para la cuenca Quino y disminucion de 42mm y 140mm en la cuenca

Muco para el futuro inmediato y el futuro intermedio respectivamente.

Tabla 5.3. Cambio medio anual de temperatura y precipitacion. Modelo climatico
RegCM4-MPI-ESM-MR proyeccién RCP 8.5.

Cuenca Quino Cuenca Muco
Temperatura Precipitacion Temperatura Precipitacion
(°c) (mm) (°c) (mm)
Periodo HIStOI'-ICO / 0.8 37 0.8 4
Futuro Inmediato
Periodo Histérico / 15 197 15 140

Futuro Intermedio

V.3.3.3. Respuesta hidroldgica ante escenarios futuros.

El efecto del LUCC y cambio climatico bajo los escenarios individuales y
combinados presentaron resultados similares en las dos cuencas hidrograficas
analizadas. Este comportamiento se debe fundamentalmente a que ambas
cuencas presentan condiciones climaticas y caracteristicas fisicas geograficas
similares (Figura 5.5 y 5.6, Tabla 5.3). Para las cuencas Quino y Muco la ET
presenta una tendencia creciente en todos los escenarios analizados respecto al
escenario base, no obstante el efecto del cambio climatico (S2 y S4) presenta una
mayor repercusion para este parametro en comparacién con el efecto del LUCC
(S1). Sin embargo, en los escenarios 3 y 5 la ET se ve potenciada tras la
combinacién del efecto del LUCC y cambio climatico presentando cambios
relativos de 4.75% y 8.26% para la cuenca Quino y 4.10% y 8.26% para la cuenca
Muco, respectivamente (Figura 5.5a y 5.6a, Tabla 5.3). Por su parte, la percolacion
(PERC) presenta un aumento considerable ante el efecto del LUCC (S1), mientras

que en los dos escenarios de cambio climatico (S2 y S4) este parametro mantuvo
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una tendencia a la disminucién en las dos cuencas de estudio, teniendo mayor
impacto para el futuro intermedio con un cambio relativo de -5.27% y -5.81% para
la cuenca Quino y Muco respectivamente (Tabla 5.3). No obstante, en el caso de
la PERC, en el efecto combinado entre el LUCC y el cambio climatico (S3 y S4)
disminuyen el impacto del cambio climatico sobre las cuencas Quino y Muco tras
presentar tendencias opuestas que se compensan en alguna medida cuando los

dos efectos tenidos en consideracién (Figura 5.5b y 5.6b).

Por otro lado, La escorrentia superficial (SURQ) en sus escenarios con efectos
independientes presenta valores negativos para la cuenca Quino y Muco. Sin
embargo, el escenario de LUCC (S1) fue quien tuvo mayor impacto sobre la
SURAQ, presentando un cambio porcentual de -10.37% y -15.57% respectivamente
(Tabla 5.3). Este resultado se debe al aumento de las plantaciones forestales en
un 35.4% y 22.3% del area total de la cuenca Quino y Muco respectivamente
(Figura 5.4). En su efecto combinado con los escenarios de cambio climatico (S3 y
S4) este impacto se agudiza debido a la proyeccion climatica de aumento de
temperaturas y la disminucion de precipitaciones para las cuencas de estudio.

(Figura 5.5c y 5.6¢).
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Figure 5.5: Efecto individual y combinado del cambio de uso del suelo y el cambio
climatico en la cuenca del Rio Quino. (Escala horizontal: S1: LU2051_Historical; S2:
LU2011_ Futuro inmediato; S3: LU2051  Futuro inmediato; S4: LU2011_ Futuro
intermedio; S5: LU2051_ Futuro intermedio).

Respecto a las variables flujo lateral (LAT_Q) y flujo subterraneo (GW_Q),
estas presentan las mismas tendencias para los cinco escenarios analizados tanto
para la cuenca Quino como para la cuenca Muco. La figura 5.5 d,e y la figura 5.6
d,e muestran que el escenario de LUCC (S1) para LAT_Q y GW_Q tuvo un efecto
favorable con cambios relativos de 8.51% y 9.61% para la cuenca Quino y un
13.55% y 14.90% para la cuenca Muco respectivamente (Tabla 5.3). Por su parte
los escenarios de cambio climatico (S2 y S4) causan un impacto desfavorable en

ambas cuencas de estudio. El efecto combinado entre el LUCC y los escenarios
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de cambio climatico (S3 y S5) muestran una compensacion favorable para ambos
parametros; no obstante, se puede observar una mayor influencia del LUCC.
Estos resultados estan relacionados con el aumento de plantacion forestal y
disminucién la las areas agricolas y matorrales que se proyecta en el escenario

futuro de LUCC (LU_2051) con respecto al escenario base (LU _2011).
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Figure 5.6: Efecto individual y combinado del cambio de uso del suelo y el cambio
climatico en la cuenca del Rio Muco. (Escala horizontal: S1: LU2051_ Historical; S2:
LU2011_ Futuro inmediato; S3: LU2051  Futuro inmediato; S4: LU2011_ Futuro

intermedio; S5: LU2051_ Futuro intermedio).
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Finalmente, el rendimiento del recurso hidrico (WYLD) presentd una marcada
tendencia a la disminucion ante ambos estresores. En la figura 5.5f y 5.6f puede
ser observado que el comportamiento del rendimiento presenta mayor impacto
ante los escenarios de cambio climatico (S2 y S4) con respecto al escenario de
LUCC (S1). En su efecto combinado (S3 y S5) la disminucion del rendimiento
hidrico se agudiza, presentando cambios relativos de -3.18% y -6.18% para la
cuenca Quino y de -2.80%y -5.53% para la cuenca Muco, respectivamente (Tabla
5.3). En consecuencia, la variabilidad climatica conduce a un impacto directo en la
hidrologia de las cuencas. Dichos resultados, en concordancia con lo observado
en la seccion V.3.3.1, comprueban en gran medida hipoétesis establecidas en la
investigacion demostrando que el cambio de uso de suelo ocurrido en los ultimos
30 afios provoco una pérdida del recurso hidrico en el centro sur de Chile y que
esta disminucion podria verse intensificada en el futuro teniendo en cuenta el
efecto del cambio climatico y la progresiva actividad forestal proyectada para la

region.

La alta sensibilidad de los componentes del balance hidrico al cambio
climatico ha sido informado en otros estudios en diferentes partes del mundo
[3,20,37-39]. Por ejemplo, el estudio de Shi et al. [3] en la parte superior del rio
Huai, China inform6 que el efecto combinado de LULC y el cambio climatico ha
aumentado el agua superficial, la evapotranspiracion y el flujo de la corriente. Sin
embargo, los impactos diferenciados de LULC y la variabilidad climatica en el
proceso hidroldgico muestran un cambio en el caudal debido a que los efectos de

la variabilidad climatica en el proceso hidrologico fueron compensados por el
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efecto de LUCC. Un estudio combinado de LUCC y cambio climatico en la cuenca
del rio Hoeya de Corea por Kim et al. [39] también muestra que el escenario
combinado era similar al escenario de cambio climatico unicamente. Zhang et al.
[16] estudiaron los efectos sobre el caudal de la cuenca del rio Fenhe de China. El
estudio encontré una mayor influencia del uso de la tierra en el flujo de los arroyos

que el cambio climatico.

Tabla 5.4: Cambio relativo de los parametros del ciclo hidrolégico para las cuencas Quino
y Muco.

Cambio Relativo Anual (%)

Cuenca Quino

Escenario 1 Escenario 2 Escenario 3 Escenario 4 Escenario 5
ET 2.40 2.03 4.75 5.27 8.26
PERC 9.69 -4.11 5.25 -9.52 -0.42
SURQ -10.37 -2.73 -13.05 -2.38 -12.64
LAT_Q 8.51 -3.45 4.82 -7.92 0.07
GW_Q 9.61 -2.05 7.33 -7.45 1.62
WYLD -0.70 -2.37 -3.18 -5.26 -6.18
Cuenca Muco
Escenario 1 Escenario 2 Escenario 3 Escenario 4 Escenario 5
ET 1.50 2.35 4.10 5.81 7.78
PERC 8.66 -3.87 4.50 -9.74 -1.64
SURQ -15.57 -2.12 -17.37 -1.76 -16.91
LAT_Q 13.55 -3.14 10.02 -7.93 4.81
GW_Q 14.90 -2.40 11.83 -8.15 5.80
WYLD -0.30 -2.35 -2.80 -4.98 -5.53

El reciente estudio de Coffel et al. [40] también reveld que con el aumento de
la temperatura regional, el equilibrio hidrico de la cuenca del Nilo Azul puede verse
limitado. El informe sostiene ademas que la tendencia continua a pesar del
aumento de las precipitaciones proyectadas por los modelos climaticos. La
disminucién de la escorrentia amplifica los efectos de la seguridad hidrica en la
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cuenca. Con el LUCC y los cambios climaticos, la humedad del suelo requerida
para el crecimiento de los cultivos se reduce y los problemas de degradacion de la
tierra de la cuenca de Finchaa ocurren a medida que el deslizamiento de tierra y el
barranco se vuelven severos[24]. Por su parte los estudios de investigacion de
Vlek et al. [13] informaron ademas que la degradacion de la tierra esta relacionada

con el deterioro de las condiciones climaticas y la intervencion humana.

En el presente estudio se pudo constatar que para ambas cuencas
hidrograficas del sur de Chile la ET tiene una alta sensibilidad al efecto del cambio
climatico agudizando su impacto desfavorable con el efecto del LUCC. Mientras
que el SURQ presenta una mayor sensibilidad con el efecto del LUCC,
empeorando su proyeccion desfavorable al incorporar los escenarios de cambios
climaticos. Por otro lado, la PERC, LAT_Q y GW_Q presentaron una alta
sensibilidad al efecto del LUCC el cual sufre una compensacion tras el efecto del
cambio climatico. La variabilidad de estos parametros conduce a que el
rendimiento del recurso hidrico en las cuencas responde a los factores forzantes
de forma similar a la evapotranspiracion, presentando una gran sensibilidad al
cambio climatico y siendo agravado por los LUCC, lo cual deberia ser considerado
ante la toma de decisiones pertinentes al evaluar la implementacion de medidas

para la mitigacion de los efectos del cambio climatico en la region.

V. 4. Perspectivas futuras de investigacion
La presente investigacion ha propiciado al grupo de trabajo las bases para
dar continuidad a estudios que permitan ahondar en las consecuencias que podria

traer a la region los efectos predichos causados por los estresores climaticos y de
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cambio de uso del suelo. De este modo surgen nuevas preguntas de investigacion
que podrian ser abordadas en futuros trabajos tales como la regionalizacion de los
efectos en zonas costeras y cordilleranas del centro sur de Chile debido a la
influencia altitudinal y climatica. Adicionalmente se plantea analizar las posibles
consecuencias de la disminucién del rendimiento hidrico proyectada sobre los
servicios ecosistémicos de la regidn. De esta forma, en base a los resultados
obtenidos en el presente proyecto doctoral, con enfoque a medidas de
planificacion territorial que permitan anticiparse a escenarios desfavorables en la
region y fomentar la conservacion de recursos ecosistémicos, pudiera aumentar el

impacto de la investigacion realizada.

V. 5. Conclusiones

Los hallazgos de este trabajo permitieron distinguir los efectos de LUCC vy el
cambio climatico en los componentes del balance hidrico de la cuenca Quino y
Muco. En consecuencia, el proceso metro-hidrologico podria cambiar en
probabilidad e intensidad debido al cambio climatico, pero también debido al uso
local del suelo / cambio de cobertura del suelo. Si se considera el cambio climatico
por si solo, el aumento de temperatura y la disminucion de la precipitacion prevista
disminuiria la percolacion, la escorrentia superficial, flujo lateral, el agua
subterranea y el rendimiento total de agua, mientras que se experimenta un
aumento de la evapotranspiracion. Sin embargo, la percolacién, flujo lateral y el
agua subterranea aumentan con el cambio en el uso/cobertura del suelo, debido al
aumento de las plantaciones forestales y disminuciéon de la agricultura vy

matorrales. Mientras que la evapotranspiracion y el rendimiento de agua

Lfectos del cambio de uso/cobertura del suelo sobre la respuesta hidrologica
en cuencas del Centro Sur de Chile bajo escenarios de cambio climdtico 143



CAPITULO V

mantienen una tendencia de aumento y disminucion respectivamente tanto para el
cambio de uso/cobertura del suelo como para el cambio climatico. En general, la
sensibilidad de los recursos hidricos para el uso/cobertura de la tierra y el cambio
climatico en la cuenca Quino y Muco muestra que el efecto del cambio de
uso/cobertura del suelo se agudiza significativamente por el efecto del cambio

climatico.

El analisis del estudio sugiere que las evaluaciones de impacto del uso
combinado de la tierra/cobertura terrestre y el cambio climatico en la cuenca Quino
y Muco pueden ser representadas correctamente por las simulaciones SWAT. Sin
embargo, la disponibilidad y calidad limitadas de los datos hidroclimaticos en la
region necesitan atencidn urgente para mejorar nuestra comprensién del cambio

en el clima y las LUCC existentes y futuras.

Los hallazgos de este estudio proporcionaron informacién importante sobre
las influencias relativas de como el proceso hidrologico de las cuencas responde a
los cambios en el uso/cobertura del suelo y al cambio climatico. Esto podria
ayudar a planificar intervenciones adecuadas de gestion de los recursos hidricos.
El resultado destaca la necesidad de desarrollos regionales y cooperacion para
impulsar estrategias de gestion sélidas y resilientes al clima y para contrarrestar

los rapidos cambios climaticos en las cuencas.
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CONCLUSIONES GENERALES

1. En las cuencas de estudio pudo comprobarse una continua
disminucién del area ocupada por bosques nativos y matorrales entre los afios
1986, 2001 y 2011 debido, entre otros factores, a su sustitucion por
plantaciones exéticas. De este modo, los mayores aumentos porcentuales de
area ocupadas por plantaciones exoticas se experimentd en la cuenca
Andalién, con un aumento del 28.6% entre 1986 y 2011, llegando a ocupar al
final de este periodo cerca del 64% del area total de la cuenca. Este escenario
es diferente a las cuencas de los rios Quino y Muco que aun presentan mas
del 60% de sus areas totales cubiertas entre bosques nativos y agricultura. Sin
embargo, en las cuencas Quino y Muco se presentd una tendencia similar de
cambio de uso del suelo con una disminucion alrededor del 23% y 13% de los
bosques nativos y un aumento cercano al 18% y 13% de plantaciones exdticas
respectivamente entre 1986 y 2011, situacion que plantea un desafio
preocupante para la gestion futura de estas cuencas incluso cuando se
cumplieran las normativas actuales que limitan la sustitucibn de especies
nativas en territorio chileno (Ley 20283, 2011).

2. El notable impacto del cambio de uso/cobertura del suelo entre 1986
y 2011 implicd repercusiones directas sobre el comportamiento de los
componentes del ciclo hidrolégico para las tres cuencas de estudio. De este
modo, la evapotranspiracion experimentd aumentos significativos en su
promedio anual, provocando la disminucion del rendimiento del recurso hidrico

de las cuencas. Este efecto puede ser asociado al incremento de plantaciones
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forestales y el consecuente aumento del area foliar que favorece la
intercepcion de la lluvia, la radiacibn y el area disponible para la
evapotranspiracion. Asimismo, en las cuencas Quino y Muco, pudo
cuantificarse un aumento significativo en el flujo superficial y la disminucion de
la recarga de agua subterranea asociado principalmente a la expansion de las
tierras agricolas y de plantaciones forestales durante este periodo. Dichos
patrones revelan que la conversion masiva del uso del suelo de estas cuencas
hidrograficas hacia agricultura y plantaciones exoticas intensivas pudiera
reducir la capacidad de infiltracién del suelo, provocando que una gran parte de
la lluvia se convierta directamente en escorrentia superficial y otra sea
absorbida por las plantaciones de rapido crecimiento acarreando una
disminucién del flujo subterraneo y del rendimiento hidrico.

3. El analisis de la variabilidad climatica acaecida en las cuencas Quino
y Muco permitio ratificar la existencia de tendencias significativas al descenso
de los promedios anuales de precipitaciones, acompanado por un aumento de
las temperaturas en el periodo de 35 anos comprendido entre 1982 y 2016.
Tales tendencias condicionaron la variacién de los componentes hidrologicos
de las cuencas conduciendo a la disminucion del rendimiento hidrico. De este
modo pudo comprobarse una relacion directamente proporcional entre la
precipitacion y la evapotranspiracion, percolaciéon, flujo superficial y flujo
subterraneo. Asimismo, la temperatura mostré una mayor influencia con
proporcionalidad inversa sobre la evapotranspiracion en ambas cuencas de

estudio.
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4. La modelacion hidrologica permiti6 determinar los efectos que
podrian acarrear la proyeccién climatica RCP 8.5 y la posible expansion
forestal en las cuencas Quino y Muco, dilucidandose la mayor o menor
influencia de ambos estresores y la respuesta del sistema ante su accidn
conjunta. De este modo, ante posibles escenarios futuros que proyectan
tendencias sostenidas al aumento de las plantaciones forestales asi como el
aumento de las temperaturas y la disminucién de las precipitaciones, la
sensibilidad de los recursos hidricos pudiera verse agudizada. El efecto
combinado de estos factores, conduciria a potenciar el incremento de la
evapotranspiracion y el flujo superficial, disminuyendo el rendimiento del
recurso hidrico en las cuencas, lo cual deberia ser considerado ante la toma de
decisiones pertinentes al evaluar la implementacion de medidas para la
mitigacion de los efectos del cambio climatico en la region.

5.  El estudio realizado constaté que la variabilidad climatica y el cambio
de uso de suelo ocurridos en los ultimos 30 afios en las cuencas Quino y Muco
condujo a un impacto directo en la hidrologia de las cuencas provocando una
pérdida del recurso hidrico en esta zona. Aun mas, pudiera predecirse que
teniendo en cuenta el efecto del cambio climatico y la progresiva actividad
forestal proyectada para la regidén esta disminucion podria verse intensificada
en el futuro provocando pérdidas en el rendimiento del recurso hidrico en el

centro sur de Chile.
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