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¿Qué tienes tú, negra encina 
campesina 

con tus ramas sin color 
en el campo sin verdor; 

con tu tronco ceniciento 
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sólo a la ley de la vida, 
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Abstract 

Global change (Land use change, climatic change, invasive species, land overuse 

and changes of biogeochemical cycles) together with biotic factors (pathogens and 

pests) is affecting the health of trees and forests in multiple ways which have 

triggered forest decline worldwide. Climate change affects forests health through 

changes mainly in precipitation and temperature. Consequently, severe drought 

together with biotic factors has been pointed out as the mayor factor involved on 

the worldwide forest decline. Moreover, climate change might aggravate many of 

the threats to forests ecosystems, such as drought and pest outbreaks. The process 

of extensive mortality associated with abiotic and biotic factors, it is known as 

forest decline, forest dieback or forest decay, and it might affect with variable 

severity to different species. Forest decline commonly involves multiple, 

interacting factors often becoming the determination of a single cause unrealistic. 

Oak ecosystems have been affected by a severe decline and mortality during the 

last century, mainly caused by abiotic and biotic factors. Oaks decline can be 

defined as a multicausal syndrome in which biotic and abiotic agents interact over 

time and space, though producing similar symptoms, ending with the death of the 

trees. Oak species are worldwide threatened by the oak decline syndrome and it 

could be considered as one of the mayor ecosystem problems in the south west of 

the Iberian Peninsula which primary affect to holm (Quercus ilex L.) and cork oak 

(Quercus suber L.) tree species. Oak decline in the Iberian Peninsula has been 

mainly related to prolonged drought and the oomycete Phytophthora cinnamomi, 

though, at lower scale, the xylophage insects are also involved. The oomycete rot 

oak´s roots constraining the water uptake and drying out the oaks which might be 

also infected by xylophage insects which feed partly of their life cycle from wood of 

decaying oak trees. The combination of both agents forms a serious problem to 

face with. Therefore, assessing the effects of oak decline in the Iberian Peninsula 

and its triggers factors is a general concern. Moreover, the activity of oak related 

pest and diseases might be enhanced by the forecasted future climate change.  

We used the advance of the Geographical Information Systems, data mining and 

machine learning algorithms together with the analysis of bid data, (large 

databases, alphanumeric and spatial) to tackle oak decline in Andalusia at 
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landscape level. The databases used in this PhD included The Third Spanish 

National Forest Inventory (INF3), the Andalusian Network for Damage Monitoring 

in Forest Ecosystems (RED SEDA) pathogen survey; the results of the Phytophthora 

cinnamomi sample testing sample surveys in Southwest Australia, survival data 

from cork oak afforestation and gridded environmental information at 2000 and 

200 m2 spatial resolution. We used Species Distribution Models (SDMs), their 

ensembles and the beforehand mentioned datasets to assess and analyses the core 

drivers of forest decline and mortality processes of Quercus ilex and Quercus suber 

ecosystems in Andalusia, as well as the identification of those limiting factors 

which promote/reduce/increase/revert/ oak decline. We suggest that the core 

drivers of forest decline and mortality processes of Quercus ilex and Quercus suber 

ecosystems in Andalusia might be intensified by climate change. Over this general 

hypothesis the main objective on this PhD thesis was to assess the spatial 

distribution of the oak decline in Andalusia. Studying the current spatial 

distribution of Phytophthora cinnamomi and the xylophage insects, forecast their 

future spatial distribution in Andalusia; and assess the main drivers which explain 

their distribution. 

In Chapter 2, we tested the predictive power and transferability of ten SDM 

algorithms using Phytophthora cinnamomi point locations from Southwestern 

Spain (RED SEDA) and Southwestern Australia. The environmental similarity 

between the two areas was assessed using Mahalanobis distances. Model 

performance was evaluated by the area under the curve (AUC). The spatial 

distribution of Phytophthora cinnamomi was predicted satisfactorily (AUC>0.7) in 

Spain, but only marginally (AUC>0.55) in Australia. Machine-learning methods 

showed relatively high predictive power in the calibration areas combined with 

low transferability to the other continent, while two of the five regression models 

achieved reasonable accuracies within the calibration areas combined with a 

better intercontinental transferability compared to machine-learning methods. 

The SDM algorithms generated diverse responses to using less than five 

environmental variables. The most desirable combinations of model performance 

and transferability were achieved by General Linear Models (GLM) and 

Generalized Additive Models (GAM). MaxEnt (Maximum entropy) performed at par 

with GLM and GAM in-situ as well as in transferring for one of the two directions.  
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In Chapter 3, we used presence/absence point locations of the RED SEDA network 

and four categories of environmental variables – meteorological, edaphic, 

topographic and tree cover – to predict Phytophthora cinnamomi current and 

future potential distribution within Andalusia, for a range of climate change 

scenarios, using ensemble SDMs. We assessed which categories of environmental 

variables explained the distribution of the pathogen, obtained accurate predictions 

for the current potential distribution of Phytophthora cinnamomi (AUC>0.95, 

TSS>0.70, Kappa>0.65) and forecasted its future potential distribution. 

Subsequently, we classified the sites of the pathogen survey within the RED SEDA 

network in three zones according to the already recorded presence of the 

pathogen and the current and future predicted probability of occurrence.  

In Chapter 4, we used the RED SEDA network to assess the current distribution of 

the beetles Cerambyx “complex”, using the Kernel Density Estimation approach, 

and the current and future distributions using ensemble SDMs. Model predictions 

revealed that dasometric and climatic variables were important to estimate the 

distribution of the Cerambyx ‘‘complex”. The model performance was analyzed by 

K, TSS, and AUC, which gave accurate (K>0.56; TSS>0.59 & AUC>0.87) to very 

accurate (K>0.63; TSS>0.64 & AUC>0.89) results for the models developed only 

with dasometric variables and with the combination of climatic and dasometric 

variables, respectively. We found four main regions where the xylophage beetles 

occur in Andalusia and a larger area which satisfied the environmental 

requirements of these beetles. The current potential habitat suitability of the 

xylophage beetles might increase under future climate scenarios, which might 

enhance the dispersal, colonization, and establishment of new populations of 

xylophage beetles in Andalusia. 

In Chapter 5, we used ensemble SDMs to study the future stability of cork oak 

(Quercus suber L.) afforestations established in Andalusia between 1993 and 2000. 

We used presence/absence data from the IFN3 and RED SEDA network, together 

with survival rate data from 2008 for cork oak afforestations planted between 

1993 and 2000, to forecast the potential optimal distribution of cork oak and to 

model the distribution of the survival rate of cork oak afforestations. We evaluated 

the change over time of the volume overlap of the environmental space between 
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the potential distribution and the afforestations. The ensemble modelling 

approach gave highly-accurate results for the current potential distribution of cork 

oak in Andalusia (AUC=0.943, TSS=0.718, Kappa=0.718) and moderately-accurate 

estimations of the distribution of the survival rate of cork oak afforestations in 

Andalusia (RMSE=0.290). We found that 10% of the cork oak afforestations 

planted between 1993 and 2000 were established in the optimal area of 

occurrence of cork oak (probability of presence>70%) and presented an 

acceptable survival rate (>50%); also, the volume of the environmental space 

defined by cork oak afforestation decreased over time. We have confirmed the 

potential of SDMs to predict the distribution of the survival rate of cork oak 

afforestations and to assess their future stability. In the worst scenario, 3% of the 

cork oak afforestations would withstand climate change. 

The systematic forest monitoring networks, as the RED SEDA (big data), together 

with the data mining approach and machine learning algorithms constituted a 

powerful tool to underline and understands the environmental factors involved in 

the oak decline in Andalusia. The results of this PhD thesis might help to develop 

more precise forest management plans to safeguard Mediterranean oak 

ecosystems and to develop proper afforestation programs in the future. 
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Resumen 

El cambio global (cambios en el uso del suelo, cambio climático, especies invasivas, 

sobre uso del suelo y cambios en los ciclos biogeoquímicos) junto con factores 

bióticos (patógenos y plagas) están afectando al estado sanitario de los bosques de 

diversas formas, lo que ha desencadenado el declive sanitario de la masa forestal 

por todo el mundo. El cambio climático afecta al estado sanitario de los bosques 

mediante cambios en los regímenes de precipitación y temperatura. Por lo que, se 

ha determinado que largos periodos de sequía, junto con factores bióticos, han sido 

los principales factores asociados al decaimiento de las masas forestales a nivel 

mundial. El proceso de mortalidad asociado con factores abióticos y bióticos se 

conoce como decaimiento forestal y puede manifestarse con diferentes grados de 

severidad en diversas especies.  

Los ecosistemas de Quercus se han visto afectados por una disminución de su 

superficie causada por eventos severos de mortalidad durante el último siglo, 

debidos principalmente, a factores abióticos y bióticos. El decaimiento de Quercus 

se puede definir como un síndrome multicausal en el que tanto agentes bióticos 

como abióticos interactúan conjuntamente en el espacio y en el tiempo, 

produciendo síntomas similares, cuyo resultado final es la muerte del árbol. Las 

especies de Quercus están amenazadas en todo el mundo por este síndrome, que 

podría considerarse como uno de los principales problemas de los ecosistemas 

forestales en el suroeste de la Península Ibérica, donde principalmente afecta a 

encinas (Quercus ilex L.) y alcornoques (Quercus suber L.). El decaimiento de 

Quercus en la Península Ibérica se ha relacionado, principalmente, con el oomiceto 

de podredumbre radical Phytophthora cinnamomi Rands y en menor escala con los 

insectos xilófagos del género Cerambyx sp. Por lo tanto, la evaluación de los efectos 

del decaimiento de Quercus en la Península Ibérica y sus factores causantes es de 

máxima importancia. Además, la virulencia de las plagas y enfermedades 

relacionadas con el decaimiento de Quercus podría incentivarse por las futuras 

predicciones de cambio climático. 

En esta tesis doctoral hemos utilizado Sistemas de Información Geográfica, las 

técnicas de data mining y machine learning, junto con el análisis de big data 

(grandes bases de datos alfanuméricas y espaciales) para estudiar el decaimiento 
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de Quercus en Andalucía a escala regional. Las bases de datos utilizadas en esta 

tesis de doctorado han sido el Tercer Inventario Forestal Nacional de España 

(INF3), la Red Andaluza de Monitoreo de Daños en Ecosistemas Forestales (RED 

SEDA); datos de presencia de Phytophthora cinnamomi en el sudoeste de Australia, 

datos de supervivencia de forestaciones con alcornoque en tierras agrícolas e 

información ambiental en formato “raster” a una resolución espacial de 2000 y 200 

m2. Hemos aplicado modelos de distribución de especies (MDE), MDE ensamblados 

y los datos mencionados anteriormente, para evaluar y analizar los principales 

factores asociados a los procesos de decaimiento y mortalidad en los ecosistemas 

Mediterráneos de Q. ilex y Q. suber en Andalucía, así como para identificar los 

factores limitantes que promueven / reducen / aumentan / revierten / disminuyen 

el decaimiento de Quercus. Sugerimos que los factores principales del decaimiento 

y los procesos de mortalidad de los ecosistemas Quercus ilex y Quercus suber en 

Andalucía podrían verse intensificados por el cambio climático. Sobre esta 

hipótesis general se ha desarrollado el objetivo principal de esta tesis doctoral, 

evaluar el decaimiento de Quercus en Andalucía; mediante el estudio de la 

distribución espacial actual de Phytophthora cinnamomi y de escarabajos xilófagos, 

predecir su futura distribución potencial en Andalucía; y evaluar los principales 

factores que explican su distribución. Además de evaluar los programas de 

forestaciones de tierras agrarias como alternativas para restaurar / mitigar el 

decaimiento de Quercus en Andalucía. 

De este modo en el Capítulo 2, hemos evaluado el poder predictivo y la 

transferibilidad de diez algoritmos de MDE usando punto de presencia y ausencia 

de Phytophthora cinnamomi del suroeste de España (RED SEDA) y del suroeste de 

Australia. La similitud ambiental entre ambas áreas se evaluó mediante distancias 

de Mahalanobis. La bondad de los modelos se evaluó por área bajo la curva (AUC). 

La distribución espacial de Phytophthora cinnamomi se predijo satisfactoriamente 

(AUC>0.70) en España, pero sólo marginalmente (AUC>0.55) en Australia. Los 

algoritmos de machine learning mostraron un poder predictivo relativamente alto 

en las áreas de calibración combinados con baja transferibilidad al otro continente, 

mientras que dos de los cinco modelos de regresión lograron bondades razonables 

dentro de las áreas de calibración combinadas con una mayor transferibilidad 

intercontinental en comparación con los métodos de machine learning. Los 
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algoritmos MDE generaron diversas respuestas al uso de menos de cinco variables 

ambientales. La mejor combinación de elevada precisión y transferibilidad, se 

logró con los modelos lineales generalizados (GLM) y los modelos aditivos 

generalizados (GAM). MaxEnt (Máxima entropía) dio resultados similares a GLM y 

GAM in-situ, así como en la transferencia de una de las dos direcciones estudiadas. 

En el Capítulo 3, hemos usado las localizaciones de los puntos de presencia / 

ausencia de la RED SEDA y cuatro categorías de variables ambientales 

(meteorológicas, edáficas, topográficas y coberturas arbórea) para predecir la 

distribución potencial actual de Phytophthora cinnamomi en Andalucía, y 

proyectarla para una variedad de escenarios futuros de cambio climático, usando 

MDE ensamblados. Evaluamos la influencia de cada categoría de variables 

ambientales en la distribución del patógeno; obtuvimos predicciones precisas para 

la distribución potencial actual de Phytophthora cinnamomi (AUC>0.95, TSS>0.70, 

Kappa>0.65). Posteriormente, clasificamos las parcelas de la RED SEDA en tres 

zonas de acuerdo con la presencia ya registrada del patógeno y la probabilidad de 

ocurrencia pronosticada actual y futura. Estas predicciones servirán para la 

realización de planes de conservación. 

En el Capítulo 4, utilizamos las parcelas de la RED SEDA para evaluar la 

distribución actual de insectos xilófagos del "complejo" Cerambyx. La distribución 

actual fue estimada mediante funciones de densidad “Kernel”, y las distribuciones 

potenciales actuales y futuras mediante MDE ensamblados. Los modelos revelaron 

que las variables dasométricas y climáticas fueron las variables más importantes 

para estimar la distribución potencial del "complejo" Cerambyx. La bondad de los 

modelos fue evaluada por K, TSS y AUC, lo que arrojó resultados precisos (K>0.56; 

TSS>0.59 y AUC>0.87) a muy precisos (K>0.63; TSS>0.64 & AUC>0.89) para los 

modelos desarrollados sólo con variables dasométricas y con la combinación de 

variables climáticas y dasométricas, respectivamente. Definimos cuatro regiones 

principales donde ocurren los insectos xilófagos en Andalucía, y un área mayor que 

satisface los requisitos ambientales de esta especie. Las predicciones de cambio 

climático podría beneficiar la dispersión, la colonización y el establecimiento de 

nuevas poblaciones de insectos xilófagos en Andalucía, por lo que podrían 
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convertirse en una plaga importante para la conservación de los Quercus 

Mediterráneos en Andalucía. 

En el Capítulo 5, desarrollamos MDE ensamblados para estudiar la futura 

estabilidad de las plantaciones alcornoque (Quercus suber L.) establecidas en 

Andalucía entre 1993 y 2000. Para ello contamos con datos de presencia / 

ausencia alcornoque del IFN3 y de la RED SEDA, junto con datos de la tasa de 

supervivencia de las forestaciones de tierras agrarias, plantadas entre 1993 y 2000 

con alcornocal, desde 2008. Estimamos la distribución potencial óptima del 

alcornoque y la distribución de la tasa de supervivencia de las forestaciones de 

tierras agrarias con alcornocales y comparamos ambas distribuciones. Además, 

hemos evaluado la superposición temporal del volumen generado a partir del 

espacio ambiental entre la distribución potencial óptima y las forestaciones con 

alcornoque. La bondad de los modelos para la distribución potencial actual del 

alcornoque en Andalucía fue muy precisa (AUC=0.943, TSS=0.718, Kappa=0.718) y 

las estimaciones de la distribución de la tasa de supervivencia de las forestaciones 

de alcornocal en Andalucía fue moderadamente precisa (RMSE=0.290). 

Encontramos que el 10% de las forestaciones de alcornocal plantadas entre 1993 y 

2000 se establecieron dentro del área óptima de ocurrencia del alcornoque 

(probabilidad de presencia superior al 70%) y presentaron una tasa de 

supervivencia aceptable (>50%). El volumen del espacio ambiental definido por 

las forestaciones de tierras agrarias con alcornoque disminuyó con el tiempo. 

Hemos confirmado el potencial de los MDE para predecir la distribución de la tasa 

de supervivencia de las forestaciones de alcornoque y para evaluar su estabilidad 

futura. En el peor de los casos, el 3% de las forestaciones de alcornoque resistirían 

al cambio climático. 

Las redes sistemáticas de monitoreo forestal como RED SEDA junto con el análisis 

de big data, data mining y machine learning constituyen una poderosa herramienta 

para estudiar los factores ambientales involucrados en el decaimiento de Quercus 

en Andalucía. Los resultados de esta tesis doctoral podrían ayudar a desarrollar 

mejores planes de manejo para salvaguardar los ecosistemas de Quercus 

mediterráneos y desarrollar programas de reforestación adecuados en el futuro. 
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1.1. Introduction 

Forest cover approximately >30% of the earth surface, including savannas and 

woodlands, and provide key services and benefits to society, including carbon sink, 

climate regulation, clean air, drinkable water, and a large variety of forest products 

(Allen et al., 2010). However, the health of trees and forests worldwide has 

drastically worsen in the last decades mainly due to Global change; i.e., land use 

change, climatic change, land overuse, invasive species and changes of 

biogeochemical cycles (Azevedo et al., 2014). Land use change is mainly 

represented by forest fires together with deforestation due to agriculture; logging 

and mining which continue to drive global forest cover loss year to year (Azevedo 

et al., 2014). Moreover, climate change together with biotic factors is weakening 

the health of trees and forests in multiple ways (Lieutier and Paine, 2016). Both, 

land use and climate change, are driven changes in the biochemical cycles which 

alter the natural functioning of global ecosystems (Lieutier and Paine, 2016). 

Multiple events of forest decline have been described during the 20th century 

which has been associated to severe droughts or heat stress triggered by climate 

change (Allen et al., 2010; McDowell et al., 2011; Martínez-Vilalta et al., 2012). 

Allen et al. (2010), showed 88 different cases of increase in forest mortality 

associated to water and/or heat stress over the past 30 years worldwide. 

Additionally, forecasted climate change might favor pest outbreaks and intensify 

their severity (Allen et al., 2010; Lindner et al., 2014; Lieutier and Paine, 2016), 

which combined with longer and severer draughts might increase forest mortality 

worldwide (Allen et al., 2010; McDowell et al., 2011; Martínez-Vilalta et al., 2012). 

On the other hand, the importance of the global remaining forests cover is 

expected to increase due to the forecasted human population growth which 

challenges to manage and sustain forest ecosystem worldwide (Azevedo et al., 

2014; Bréda and Peiffer, 2014). 

1.1.1. Forest ecosystems and climate change. 

Climate change is defined as an alteration in local or global climate patterns; 

especially it has been notable from the mid to late 20th century onwards (Allen et 

al., 2010). It refers to any change in climate over time, due to natural variability or 

as a result of the augmented levels of Greenhouses Gases produced by human 
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activity (IPCC, 2014). Climate change has altered the natural ranges of animals, 

plants and biomes, modified the timing of biological cycles such as animal 

migration and plant flowering, increased wildfires, pest outbreaks, and trigger 

species to extinction (Martínez-Vilalta et al., 2012; Keenan, 2015). Climate events 

might damage forests ecosystems in multiple ways, ranging from changes in dates 

of frost, snowfalls, hurricanes and tornadoes (Keenan, 2015); to climate-induced 

physiological stress driven by increasing air temperature, changing precipitation 

regimes and their interaction with the attack of pest and disease (Allen et al., 2010; 

Martínez-Vilalta et al., 2012).  

Whereas forest ecosystems are resistant and resilient, and ecosystems and many 

species have previously faced with or adapted, to changing global environmental 

conditions, future changes are potentially forecasted to be of such magnitudes or 

might come about at rates that are away from the natural adaptive ability of 

ecosystems or forest species, triggering to loss of important services and functions, 

involving reduced forest carbon stocks, forest carbon sequestration capacity and 

loss of biodiversity (Martínez-Vilalta et al., 2012; Keenan, 2015; Vilà-Cabrera et al., 

2018).  

Forest ecosystems are highly sensitive to extensive period of changes in climate 

(Martínez-Vilalta et al., 2012; Bréda and Peiffer, 2014). Climate changes threats the 

health of forests ecosystems through changes mainly in precipitation and 

temperature regimens (Allen et al., 2010; McDowell et al., 2011); although the 

increasing concentration of carbon dioxide in the atmosphere might enhance plant 

growth (Camarero et al., 2009). However, climate change has already produced 

numerous changes in forests ecosystems; as. shifts in vegetation distribution 

(Cheddadi et al., 2016; Hernández et al., 2017; Sittaro et al., 2017) or increased tree 

mortality due to decrease on precipitation and warm temperatures (Allen et al., 

2010; McDowell et al., 2014). These impacts might be worsening by the 

introduction of invasive species and the increase of disturbances such as pest 

outbreaks and wildfires (Allen et al., 2010; Bréda and Peiffer, 2014). Forecasted 

future climate change scenarios predicted that, species ranges might expand or 

contract (Vayreda et al., 2016; López-Tirado and Hidalgo, 2018), the location of 

ecological biomes might change (Myers et al., 2000), and the productivity of forest 
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ecosystem might diminish (McDowell et al., 2014). Climate change might increase 

the risk of drought, heat stress, extreme precipitation events and flooding 

(Martínez-Vilalta et al., 2012). Latest assessments have related worldwide tree 

mortality to pests, diseases and droughts or their interaction, suggesting that some 

of the world's forested ecosystems may be already coping with climate change and 

modifying their dynamics (Allen et al., 2010; Bréda and Peiffer, 2014). As these 

changes are forecasted to prolong during the coming decades, some of the valuable 

goods and services provided by forests may be compromised (Martínez-Vilalta et 

al., 2012). 

Consequently, the findings suggest that forests ecosystems may be increasingly at 

risk, and that associated predictions of future mortality events are needed 

(Camarero et al., 2009). However, forest managers and researches argue between 

the implementation of mitigation or adaptation strategies (Martínez-Vilalta et al., 

2012; Keenan, 2015). Recent studies pointed out the potential mitigation options 

through forest management (Keenan, 2015; Vilà-Cabrera et al., 2018). Increase 

water use efficiency; improve tree condition in declining forests by thinning 

treatments (Keenan, 2015). On the other hand, adaptation to climate change 

involves anticipating and monitoring change and assuming actions to prevent the 

negative consequences and to take advantage of potential benefits of those 

changes. Facing climate change, through both adaptation and mitigation, may 

represent a conceptual shift for forest managers and researchers. Therefore, multi-

disciplinary research which join traditional forest ecosystem sciences, economic 

and social sciences together with playmakers are needed to improve decision 

making. 

1.1.2. Forest decline 

The process of extensive mortality associated with abiotic and biotic factors, it is 

known as forest decline, forest dieback or forest decay and it might be specificity; 

affecting with different severity to different species (Azevedo et al., 2014).  

Forest decline commonly involves multiple, interacting factors, ranging from 

drought to insect pests and diseases, often making the determination of a single 

cause unrealistic (Lindner et al., 2014). Abiotic stress factors; commonly cause 

forest health problems; being, climate stress, a primary factor triggering many 
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large forest disease and insect outbreaks (Azevedo et al., 2014; Lindner et al., 

2014). Climate-induced water stress might directly underlie tree mortality through 

modifying their vulnerability and resistance to drought (Camarero et al., 2009). 

Drought over long periods will weaken and ultimately kill trees, either directly 

through carbon starvation or indirectly through the attacks of pests such as 

xylophage insects which overwhelm the weakened defenses of such declining trees 

(Gil-Pelegrín et al., 2017). Climatic conditions also directly affect the population 

dynamics of forest insects and fungal pathogens (Bréda and Peiffer, 2014). Thus, 

some massive outbreaks of tree-killing forest insects might be linked to climate 

drivers (Azevedo et al., 2014; Lindner et al., 2014; Lieutier and Paine, 2016). Many 

studies has related the increased of forest mortality to various combinations of 

severe drought and/or warm temperatures together with the emergence of pets; 

i.e. physiological stressed trees are more predispose to be attack by pathogens and 

pests infections (Camarero et al., 2009). For instance, in the Iberian Peninsula, the 

oak decline was very intense from 1989 to 1999, especially in 1993 and 1994 with 

extensive oak death, which corresponded with severe drought and the infestation 

by the oomycete Phytophtora cinnamomi as biotic factor (Campos et al., 2013). 

Mediterranean type ecosystem is worldwide recognized as one of the most 

threatened ecosystem to climate change, and the Mediterranean Basin as the 

region in Europe most vulnerable to negative climate change impacts (Vilà-Cabrera 

et al., 2018). 

Though Mediterranean trees are well adapted to cope with drought, the increase in 

the duration, intensity and frequency of droughts due to climate change, is 

threatening the survival of Mediterranean trees (Martínez-Vilalta et al., 2012; Vilà-

Cabrera et al., 2018). Oaks, Spanish firs and Pines in the Mediterranean Basin have 

suffered the mayor reductions of their populations in the last decades mainly due 

to climate change (Camarero et al., 2009) or due to the interaction of pest and 

diseases with climate change (Brasier, 1996). Especially vulnerable to climate are 

the extensive reforested areas planted with pines species in the Southern Europe 

(Sánchez-Salguero et al., 2012a; 2012b; 2013) because some of these plantations 

are on the rear edge of their distribution over marginal sites with excessive 

densities and unknown genetic origins of the seedling planted (Vadell et al., 2016). 
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Given the potential risks of climate-induced forest decline, increased management 

attention to adaptation options for enhancing forest resistance and resilience to 

projected climate stress can be expected. For example thinning stand densities to 

reduce competition, selection for different genotypes (e.g. drought and/or pets 

resistance) or translocation of species to match expected climate changes (Lindner 

et al., 2014; Trumbore et al., 2015). 

To sum up, forest ecosystems worldwide might face with more severe conditions 

under global climate change which might cause species extinctions or local 

mortality and more vulnerable to pest and diseases. Consequently, studies tackle 

the impact of global climate change on forest ecosystems and their responses are 

needed (Azevedo et al., 2014; Lindner et al., 2014; Trumbore et al., 2015).  

1.2. Mediterranean oak forest and oak decline 

1.2.1. Mediterranean oak forest 

The current existing Mediterranean oaks forests are the result of regular human 

intervention of natural oak forest and the artificial afforestation planted since the 

early 90`s (Montoya Oliver, 1993; Costa Tenorio et al., 1998; Costa et al., 2006). 

Mediterranean oaks forests are agro-sylvo-pastoral economy-ecosystems managed 

intentionally for grass or crop understory, as part of a multifunctional agroforestry 

unit which often includes the grazing of more than one species of livestock and 

vegetation type and other forest products such as hunting, cork production, 

mushroom harvesting, cereal and grain cropping, and beekeeping (Costa et al., 

2006; Campos et al., 2013). Mediterranean oaks forests are characterized by 

savannas-likes land cover pattern, from 10 to 80 scatters tree per hectare of 

evergreen (Quercus ilex and Quercus suber) and at less extend semi-deciduous oaks 

(Quercus faginea and Quercus pyrenaica), sometime mixes with pines (Pinus pinea), 

bush or herbaceous understory of pastures or annual crops (Campos et al., 2013; 

San Miguel-Ayanz et al., 2016). Therefore, the Mediterranean oak woodlands are 

man-made ecosystem, which without the human management may transform to 

more dense forest with mainly bush understory (Campos et al., 2013). 

Alternatively, dense Mediterranean oaks forest stands, above 80 trees per hectare, 

appear in harsh geographical conditions with low human influence, as in Cork oak 
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Natural Park, in Andalusia (Spain) and those coming from recent afforestation 

programs (Aronson et al., 2009). 

1.2.2. Mediterranean oak afforestations 

Intensive afforestation programmes were developed in Spain at the end of the 20th 

century and the beginning of the 21st. These Afforestation initiatives were 

promoted by the European Union with the general aim of transforming agricultural 

lands into forested areas, seeking an alternative use of the agricultural land 

through afforestation and the development of forestry activities on the farmlands. 

Large surface were planted with holm and cork oak as consequence of the 

beforehand mentioned programmes (Navarro Cerrillo et al., 2009). Many of the 

afforestations took place on private, abandoned or highly-degraded lands and 

were carried out on high density planting. Nowadays, those afforestations might 

form artificial oak stands if the recommendations about: site preparation, 

protection against grazing, competing vegetation, seedling quality or planting date 

were followed (Navarro Cerrillo et al., 2009; Palacios et al., 2009). However, those 

artificial afforestations are coping with climate change and oak decline, and the 

circumstances under which they were planted compromise their future and their 

capacity to success with their objective and compensate oak decline or recessive 

forest lands. 

1.2.3. The main Mediterranean oak species: Quercus ilex and Quercus suber 

Holm oak (Quercus ilex L.) and cork oak (Quercus suber L.) are widely distributed 

over the Iberian Peninsula. Cork oak can be mainly found in the western and in the 

northeastern Mediterranean coastal zone, while holm oak grows almost 

everywhere. The stand structure might change from dense close stands to open 

woodlands. They can form pure stands or mixtures with each other, Quercus 

faginea, Pinus pinea and Olea europaea var. sylvestris.  

Holm oak is by excellence the Mediterranean broadleaved evergreen tree which is 

well adapted to moderate humid winters, dry, hot and long summers, and all soil 

types. It occurs from sea level up to 2.000 masl, but its better stands grow between 

200 and 800 masl. It appears in a broad range of mean annual temperature (8 – 

19°C) and annual precipitation (350 - 1.600 mm), but its optimal is between 10 – 

18°C and 400 - 1.200 mm (Costa Tenorio et al., 1998). Moreover, holm oaks 



Chapter 1: Introduction 

36 

tolerate extreme temperature as -20°C and 40°C, and survive in areas with 200 

mm as mean annual rainfall (Montoya Oliver, 1993). Its natural distribution 

expands from the central-western part of the Mediterranean basin, covering from 

Portugal and Morocco, to the Aegean Islands and western Turkey, expanding also 

northward up to northern Italy and France (Costa et al., 2006; Campos et al., 2013, 

Figure 1). 

 

Figure 1. Distribution of holm oak (Quercus ilex L.) within the Mediterranean Basin (Martin-Luther-

University Halle-Wittenberg, 2006). 

Holm oak appears all over the Iberian Peninsula and Andalusia due to the broad 

climatic, edaphic and geographical range it has. However, we could group these 

ecosystems in oak forest and oak woodlands. Oak forests are mainly distributed in 

the eastern area. In Andalusia oak forest largely appear in eastern east foothills of 

“Sierra Morena”, “Cazorla” and in the “Sierras Béticas” and it is displaced by cork 

and Portuguese oaks in wetter climates. Oak forest form dense shrubby areas rich 

in biodiversity, where we could find Phillyrea latifolia, Rhamnus alaternus, 

Viburnum tinus, Arbutus unedo, Pistacia lentiscus, Ruscus aculeatus, Rosa 

sempervirens, Rubia peregrina, Smilax aspera, or Asparagus acutifolius. When the 

oak forest is cleared we could find oak woodlands (Figure 2). 
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Figure 2. Distribution of holm, cork oak and “Dehesa” within Andalusia. 

Cork oak (Quercus suber) is a typical medium-sized Mediterranean evergreen 

broadleaved tree. Cork oak grows together with holm oak. Although due to its 

specific ecological requirements achieve a narrower distribution. It grows in areas 

with mean annual rainfall above 600 mm and mean annual temperature close to 

15°C. In Europe, the minimum temperature in winter denotes its geographical 

distribution, limited below 800 masl (Costa Tenorio et al., 1998; Costa et al., 2006). 

It distribution expand from the western Mediterranean basin, from Morocco and 

the Iberian Peninsula, to the western side of Italy including Corsica, Sicily, Tunisia, 

Algeria and some points in France’s Southeaster coast (Aronson et al., 2009, Figure 

3). Holm and cork oaks spatial distribution differ due to soil affinity (Ruíz de la 

Torre, 2006). Cork oak prefers acidic soils on granite, schist, or sandy substrates 

and exceptionally in limestone derived soils or in neutral soils with dolomitic 

bedrocks, though it can grow in calcareous substrates under heavy rain conditions. 

On the other hand, holm oaks have no soils type limitations. In Andalusia, cork oak 

in mostly distributed in the “Alcornocales Natural Park” in the south of the region, 

while reduce stand could be found in the western part of “Sierra Morena”. Dense 

cork oak forests became cork oak woodlands in dryer and more topographically 
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accessible regions. Moreover, Cork oak may also appear in mix forest with Quercus 

ilex, Pinus pinea and Olea europaea var. sylvestris (Figure 2).  

 

Figure 3. Distribution of cork oak (Quercus suber L.) within the Mediterranean Basin. 

1.3. Oak decline 

Oak ecosystems have been facing with severe decline and mortality during the last 

century, mainly caused by abiotic factors (Campos et al., 2013; Gentilesca et al., 

2017) which include frequent forest fires, severe drought, prolonged flooding, 

rapid fluctuation of soil water levels, cold winters, pollution and land use changes; 

but also by biotic factors: pathogens and pest (Lindner et al., 2010; Trumbore et al., 

2015). Oak decline affects indifferently young and old trees, and the impact in the 

ecosystem is massive, in some cases thousands hectares has been deforested due 

to the oak decline (Campos et al., 2013; Azevedo et al., 2014; Coomes et al., 2014; 

Lindner et al., 2014). Oaks decline can be defined as a syndrome in which biotic 

and abiotic agents interact over time and space, though producing similar 

symptoms, ending with the death of the trees. Two diverse symptoms could be 
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observed: sudden death, expressed by a rapid drought of the crown, and dieback 

characterized by a continuous decay and foliage loss (Carrasco et al., 2009).  

Oak species are worldwide threatened by the oak decline syndrome; hundreds of 

oak trees have died from North America to Europe. Drought induced by climate 

change has been pointed out as the abiotic factor most involves in the oak decline 

(Coomes et al., 2014; Gentilesca et al., 2017), while the oomycetes from the genus 

Phytophthora sp. has been identified as the main biotic agents linked to the oak 

decline (Sánchez et al., 2002; Bergot et al., 2004; Moreira and Martins, 2005; 

Shearer et al., 2007; Jung et al., 2013; Scanu et al., 2015; Cunniffe et al., 2016; Cobb 

et al., 2017), and at lower scale the xylophage insects (Buse et al., 2007; Vodka et 

al., 2009; Tiberi et al., 2016; Casula, 2017). The oomycete rot oak´s roots 

constraining the water uptake and drying out the tree (Sánchez et al., 2002); while 

decay trees might be also attacked by xylophage insects which feed partly of their 

life cycle from wood of decaying oak trees. Therefore, the combination of both 

agents together with climate change forms a serious problem which challenges 

forest managers and researches (Brasier, 1996; Sánchez et al., 2002; Camilo-Alves 

et al., 2013). 

Since the 50’s heavy decline and mortality outbreaks were observed on 

Mediterranean oaks which were firstly associated to severe drought, though the 

magnitude of the event suggested that there were other agents involved (Camilo-

Alves et al., 2013). It was not until the earlies 90´s when the oak decline was 

associated to Phytophthora cinnamomi (Brasier et al., 1993). Since then, the 

episodes of oak mortality outbreaks have continued (Camilo-Alves et al., 2013; 

Gentilesca et al., 2017). Oak decline in the Iberian Peninsula, and therefore in 

Andalusia has been widely studied (Brasier, 1992; Brasier et al., 1993; Sánchez et 

al., 2002; Moreira and Martins, 2005; Romero et al., 2007; Camilo-Alves et al., 

2013) and have been concluded that severe drought together with Phytophthora 

cinnamomi are the main responsible of oak decline in the Iberian Peninsula 

(Brasier, 1996; Tuset et al., 1996; Gallego et al., 1999; Sánchez et al., 2002). 

However, the multifactorial causality of oak decline has let to multiples studies 

which varies from punctual visual analyses of the phytosanitary state of the oaks 

(Brasier et al., 1993; Brasier and Scott, 1994; Brasier, 1996) to spatial analysis of 
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the occurrence of oak decline caused by Phytophthora cinnamomi (Gomez-Aparicio 

et al., 2012; Serrano et al., 2016; Hernández-Lambraño et al., 2018; Sena et al., 

2018). 

The devolvement of forest monitoring networks at European, National and 

Regional scale (RED SEDA) offer the opportunity to assess the spatial-temporal 

evolution of the forest decline and link their information with climate datasets to 

better understand the impact of climate events of forest ecosystems. This advance 

data mining approach might assist to predict future pest and diseases outbreaks 

(de la Cruz et al., 2014; Sanchez-Salguero et al., 2017). Therefore, the analysis of 

forests monitoring networks open large branch of opportunities which challenges 

forest managers and researchers (Allen et al., 2010). 

1.3.1. Phytophthora cinnamomi Rands  

Phytophthora sp. is an oomycete plant pathogen that affects a wide range of 

communities from crops to forest. This genus contains numerous species one of 

which is Phytophthora cinnamomi Rands (Jung et al., 2017). Phytophthora 

cinnamomi is a generalist invasive soil-borne oomycete with a worldwide 

distribution. Phytophthora cinnamomi causes root rot, dieback and cankers in 

>3000 woody plants species, including eucalyptus, avocado, pines and oaks (Sena 

et al., 2018). It has been continental identified and isolated in the United States, 

Australia, South Africa and Europe, though its origins have been hypothesized to 

be in Taiwan or Papua New Guinea (Jung et al., 2017). In some locations it seems 

that the arrival of Phytophthora cinnamomi was relatively recent, while there are 

evidences of its longer establishment in other locations. The magnitude of 

Phytophthora cinnamomi impact in forest ecosystems varies from high mortality to 

few visible symptoms (Jung et al., 2017; Sena et al., 2018). 

The pathogen spreads by chlamydospores and in soil water, wind, or infected 

tools, soils and root material. Its mycelium grows in the cortical cells, phloem and 

xylem of the colonized roots, weakening the host. Phytophthora cinnamomi is most 

virulent at high (>30ºC) ambient temperatures combined with moist soils and 

normally it affects plants weakened by drought or diseases (Sánchez et al., 2002; 

Jung et al., 2017; Sena et al., 2018). Phytophthora cinnamomi activity might be 

enhancing by future climate change scenarios, therefore it control might become 



Chapter 1: Introduction 

41 

more and more relevant for forest managers (Camilo-Alves et al., 2013; Sena et al., 

2018). 

The correlations of Phytophthora cinnamomi infection with oak decline in their 

natural ecosystem and at landscape level are complex and linked to draught 

periods followed by a short-term flooding (Camilo-Alves et al., 2013; Sena et al., 

2018). The distribution of Phytophthora cinnamomi at landscape level is mainly 

determined by temperature and soil moisture which constrained the hyphal 

growth and the production of zoospore. Hyphal growth rises from dry to moist soil, 

while Phytophthora cinnamomi survival falls from flooded to submerged soils 

(Weste and Marks, 1987; Jung et al., 2017; Sena et al., 2018). On the other hand, 

minimum winter temperature controls Phytophthora cinnamomi distribution, 

though climate change might expand it future suitable area (Burgess et al., 2017) 

and Phytophthora cinnamomi is able to resist long periods of time in adverse 

environmental conditions (Hardham, 2005; Camilo-Alves et al., 2013). Therefore, 

forecasted climate change condition in Andalusia might favor the distribution of 

the oak decline caused by Phytophthora cinnamomi and also increase the habitat 

availability (Camilo-Alves et al., 2013; Sena et al., 2018) to other pests (xylophage 

insects).  

1.3.2. Xylophage insects and oak decline 

The Cerambyx “complex” (Coleoptera, Cerambycidae; López-Pantoja et al., 2011; 

Vitali and Schmitt, 2016), is one of the most important pest affecting oak decline in 

the Iberian Peninsula, though they can be considered as “secondary” species 

weakened plants; sometime they can be the main driver of oak decline even for 

healthier oaks (Torres-Vila et al., 2013). Those beetles feed, during some part of 

their life cycle, on fresh, dead, dying, or physiologically decaying oak trees. The 

female beetles lay eggs in the bark cracks, often through wounds caused by 

inappropriate management - such as thinning of large branches, incorrect cork 

extraction, or rotational plowing (Tiberi et al., 2016). The larvae feed on the tree 

wood for 3-5 years, creating galleries. The colonized trees can be identified by 

their dead wood structures, the typical oval exit holes on the trunk or thick 

branches, and the wood meal around the fresh exit holes (Sallé et al., 2014; Tiberi 

et al., 2016). The damage caused by the larvae of xylophage insects involves, 
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defoliation losing tree vitality and structural resistance (López-Pantoja et al., 

2011). Their habitat preference fits the structural features of Mediterranean oak 

woodlands, such as low tree density and sun exposure, since xylophage beetles 

preferentially breed in sun-exposed wood located in the woodland understory 

(Vodka et al., 2009).  

The Cerambyx “complex” involved in the decline of Mediterranean oak woodlands 

mainly comprises Cerambyx welensii Kuster, Cerambyx cerdo L., and Prinobius 

myardi Mulsant (Tiberi et al., 2016). These three xylophage insects receive 

different levels of protection. Cerambyx cerdo is protected by the Habitats 

Directive, with the goal of maintaining existing populations and establishing its 

long-term survival. On the other hand, C. welensii and P. myardi, the most common 

drilling insects in the southwest of Spain, are not protected and very little is known 

about their distribution, biology, and behavior. 

1.4. Big data, data mining and machine learning 

In the recent years the amount of data accessible for science has enlarged 

massively, pushed by technology developments such as open access repositories of 

remote sensing images, the advance of the sensor technology enabling large 

amount of climate and eco-physiological data and the wide spread of monitoring 

networks (Franklin et al., 2017; Serra-Diaz et al., 2018). Moreover, the 

computational resources have enormously increased over the past decades with 

mayor accessibility of storage and computational capacity and connectivity (Wang, 

2017).  

These advances of larger (open-free) data and better connectedness present 

opportunities to face with larger, faster and more complex data processing (Ma et 

al., 2014). Against this background, recently big data, datamining and machine 

learning technologies has arisen and to some extent has given infinite potentials in 

analysis of data. Big Data (large data bases) refers to the set of techniques to 

capture, process, analyses and visualize large datasets in a short timeframe 

(Lokers et al., 2016; Serra-Diaz et al., 2018). 

However, data management in science show a variety of technological challenges 

which range from metadata oriented information issues to big data mining and 
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data integration (Lokers et al., 2016; Wang, 2017). These challenge the issue of 

finding the correct data for a specific research task. Therefore, to automate the 

procedures for selection, collection and indexing data are becoming crucial to 

effectively exploit large data bases (Ma et al., 2014; Franklin et al., 2017).  

The complexity of working with big data is associated with volume, variety, 

velocity and until some extent veracity of big data; the four “V” of big data (Ma et 

al., 2014; Lokers et al., 2016). 

Volume highlight the exceptional quantities of data turn out to be available due to 

new technologies as climate projections and remote sensing data (Lokers et al., 

2016; Franklin et al., 2017). Velocity refers to the time until the new data is 

available, e.g. real-time data generated by sensor networks. Variety points the 

increasing variety of data significant for decision making, mainly due to different 

formats, e.g. from mobile applications (Lokers et al., 2016; Franklin et al., 2017; 

Serra-Diaz et al., 2018). Finally, veracity, addresses the integrity and accuracy of 

data and data sources, which is linked the quality of fulfil the target objective 

(Lokers et al., 2016). 

Data mining is the group of technologies which allow to automatically obtaining 

information from big data; it worries about the information hidden in the data 

(Franklin et al., 2017). Data mining apply six main techniques: association rule 

learning, classification, clustering, outlier detection, regression, and summarization 

(Lokers et al., 2016; Wang, 2017). Machine learning focuses on prediction based on 

training and learning. Machine learning could be both supervised and 

unsupervised learning methods (Wang, 2017). Data mining take advantages of 

machine learning methods; machine learning also benefit from data mining 

methods as pre-processing for better learning and accuracy (Franklin et al., 2017; 

Wang, 2017). One of the challenges of the applications of data mining and machine 

learning in big data is data dimension (Franklin et al., 2017; Serra-Diaz et al., 

2018).  

We used the advance of the Geographical Information Systems together with the 

analysis of bid data (large databases, alphanumeric and spatial) by data mining 

and machine learning algorithms to understand the oak decline within Andalusia 

at landscape level. 
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A database is a systematic and organizes collection of data of the same topic. In 

relation of the oak decline, alphanumeric databases might compile information 

about the location, incidence, severity, agent, causes and visible symptoms on a 

tree, plot or inventory unit to monitor the phytosanitary status of the forest under 

study. 

Pan-European forest health is monitor by the ICP Forests condition monitoring 

network Level I and level II. Level I which provides an annual overview on forest 

damage based on a 16x16 km grid net and Level II provided an intensive 

monitoring into causes affecting the condition of forest ecosystems and into effects 

of different stress factors (Sánchez-Salguero et al., 2017). 

In Spain have been carried out since 1965 the National Forest Inventory, nowadays 

the forth inventory (IFN4) is under development. The Third Spanish National 

Forest Inventory was carried out between 1997 and 2007. The IFN3 is based on 

circle plot of variable radio between 5 -25 meters where more than 100 indicators 

are records. The arboreal and shrub species, their growth, distribution, and some 

characteristics of the soil they occupy. It also includes indicators related to 

regeneration, biodiversity, health, vitality, forestry, and property and protection 

regimes. Finally, it shows some indicators of the current situation within the 

framework of the pan-European sustainable management criteria (MAGRAMA, 

2007). 

On the other hand, databases could be climatic and collect the information about 

precipitation, temperature, radiation, sun hours to describe the bioclimatic zone of 

the target species. Furthermore, with the help of Geographic Information Systems 

it is possible to develop spatial bioclimatic information using interpolation 

methods as kriging and Co-kriging (Hengl et al., 2009). 

Bioclimatic spatial information is available and downloadable in many different 

portals. The most extended and accepted by the scientific community is the 

worldclim database (Hijmans et al., 2015). The worldclim database has been cited 

and used more than 200 biogeographical studies. It provided worldwide data from 

average current period, past and future climate projection with over 15 Global 

Circulation Models. Moreover, it is available in four different resolutions. Similar to 

worldclim, we could find ecoCliamte (Lima-Ribeiro et al., 2015), Chelsa-climate 
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(Karger et al., 2017), FetchClimate (Grechka et al., 2016) and CliMond (Kriticos et 

al., 2012). Moreover, there are also worldwide spatial soil databases (Hengl et al., 

2017).   

In Andalucía, the mayor source of environmental data is the Andalusian 

environmental information Network (REDIAM, Junta de Andalucía, 2016). From 

the REDIAM is free-downloadable the data of the Andalusian forest health 

monitoring network (RED SEDA). The RED SEDA was created in 2000, with the 

general objective to monitor the phytosanitary status of Andalusian forest 

ecosystems. The survey points are located at the vertexes of 8 x 8 km grids, laid out 

by the ‘‘International Cooperative Program on Assessment and Monitoring of Air 

Pollution Effects on Forests ‘‘(CEE-ICP Forest). At each point, the same 24 trees 

were monitored each year, recording signs and symptoms of forest decay (Junta de 

Andalucía, 2016). 

Moreover, from the REDIAM it is also downloadble a set of enviromental variables 

composed of climatic, topographic and edaphic variables, which were created for 

the project “Biomasa Forestal de Andalucía”. The climatic variables were averaged 

for the period 1971–2000 and the future predictions were carried out for three 

periods, 2011–2040, 2041–2070 and 2071–2099, based on international climate 

change scenarios. For each period, we considered four Global Circulation Models 

(GCMs): BCM2, CNCM3, ECHAM5 and EGMAM; and three special reports on 

emission scenarios: (SRA1B, SRA2 and SRB1; IPCC, 2014). This spatial database 

has a spatial resolution of 200*200m and is projected to the European Terrestrial 

Reference System 1989 (ETRS89). (Junta de Andalucía, 2016). 

1.4.1. Species Distribution Models  

Species Distribution Models (SDMs) is a methodology, combination of procedures, 

application of definitions, and collection of techniques, based on biogeographical 

and ecological theories about the relationship between species 

distribution/occurrence and their environment where they occur (Miller, 2010; 

Peterson et al., 2011; Elith and Franklin, 2013). SDMs are quantitative, empirical 

models of species–environment relationships usually built using species location 

data (abundance, occurrence) and those environmental variables which might 

influence species distributions (Elith and Franklin, 2013). Later, the developed 
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quantitative, empirical models used to be projected to gridded environmental data 

to assess the spatial distribution of the target species (Elith and Leathwick, 2009). 

SDMs has acquired importance due to its faculty to predict the species spatial 

occurrences from environmental data, and its ability to predict future species 

spatial distribution considering global warming influence using climate change 

scenarios (Elith et al., 2006; Elith and Leathwick, 2009). The possibility to forecast 

potential species occurrence lead SDMs to be a relevant tool for biodiversity 

conservation and management (Guisan et al., 2013). Moreover, the outputs of 

SDMs can describe and quantify the importance of specific factors (environmental 

variables) to predict species’ distribution, in addition to examine environmental 

change and its ecological consequences (Peterson et al., 2011; Elith and Franklin, 

2013). Actually, one of the five ‘grand challenges’ in biology is better 

understanding of the relationship between species and their environment (Elith 

and Franklin, 2013).  

The main output of SDMs is probabilistic maps ranging from zero to one displaying 

the probability of occurrence of the study species (Miller, 2010; Elith and Franklin, 

2013). Last, those outputs might be processes, interpreted and applied to assess 

the impacts of climate change on biodiversity (Thuiller, 2007), prediction of the 

distribution of threatened species (Navarro-Cerrillo et al., 2011; van Gils et al., 

2014), forecasting of forest dynamics (van Gils et al., 2008), to predict the forest 

regeneration (Navarro Cerrillo et al., 2016), and risk assessment of invasion by 

alien species (Scanu et al., 2015), among others. 

To build the quantitative, empirical models there are available a wide range of 

techniques which might be classified in three groups; (1) Profile techniques, which 

are developed with presence-only data and include Surface Range Envelope (SRE); 

environmental hype-space inhabited by a species methods as BIOCLIM and 

HABITAT; distance based methods as DOMAIN and Mahalanobis; and Ecological 

Niche Factor Analysis (ENFA). (2) Discriminative techniques, which demand 

presence-absence data and comprise Linear models (LM), General Linear Model 

(GLM), General Additive Models (GAM), Multivariate Adaptive Regression Splines 

(MARS), Support Vector Machines (SVM), Classification and Regression Tree 

Analysis (CTA), Boosted Regression Trees (BRT), Flexible Discriminant Analysis 
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(FDA), Artificial Neural Network (ANN), Maximum Entropy (MaxEnt), Random 

Forest (RF), Moreover, the discriminative techniques might also be classified by 

their algorithms as: Regression methods as GAM, GLM and MARS; Machine-

learning methods as ANN, MAXENT and SVM; Classification methods as CTA, BRT, 

RF and FDA; and Enveloping methods as HABITAT, SRE and BIOCLIM. And (3) 

ensemble methods which combines several of the forehead mentioned techniques 

sdm (Naimi and Araujo, 2016), BiodiversityR (Kindt, 2018), biomod2 (Thuiller et 

al., 2009), dismo (Hijmans et al., 2017), Generalized Regression Analysis and 

Spatial Prediction (GRASP) and OpenModeller (Miller, 2010; Peterson et al., 2011; 

Elith and Franklin, 2013).  

The ensemble methods came up to overcome the challenge of selecting a unique 

SDM approach from one available (Thuiller, 2014). Furthermore, other studies 

suggested considering several model techniques or ensemble models in order to 

obtain the most accurate approach (Araújo and New, 2007). Consequently, several 

platforms or software were developed which allow obtaining SDMs ensemble 

prediction. Many of these platforms are developed as R (R Core Development 

Team, 2017) packages (sdm, BiodiversityR, dismo and biomod2). In this PhD thesis 

we used the, ten SDM algorithms within the biomod2 R package (Thuiller et al., 

2017). 

SDMs have been used to predict the potential distribution of oak species in 

Andalusia (López-Tirado and Hidalgo, 2016; López-Tirado and Hidalgo, 2018; 

López-Tirado et al., 2018) and the potential distribution of cork oak in Italy 

(Vessella and Schirone, 2013), the Maâmora forest, northern Morocco (Lahssini et 

al., 2015), the Mediterranean Basin (Vessella et al., 2015; Schirone et al., 2016; 

Vessella et al., 2017) and in the western area of Andalusia (Hidalgo et al., 2008). 

Similar studies have been carried out with holm oak (López-Tirado and Hidalgo, 

2016; López-Tirado and Hidalgo, 2018; López-Tirado et al., 2018). Moreover, SDMs 

have been also applied to understand and predict the distribution of oak decline 

(Costa et al., 2010; Kim et al., 2017). 
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1.5. Hypothesis, objective and structure 

The general hypothesis of this PhD thesis was that large databases (alphanumeric 

and spatial; environmental information) together with SDMs we will be able to 

assess and analyses the core drivers of forest decline and mortality processes of Q. 

ilex and Q. suber ecosystems in Andalucía, as well as the identification of those 

limiting factors which promote/reduce/increase/revert/ forest decline, some of 

which might be modified through forest management. We suggest that the core 

drivers of forest decline and mortality processes of Quercus ilex and Quercus suber 

ecosystems in Andalusia might be intensified by climate change. Over this general 

hypothesis the main objective on this PhD thesis was to assess the spatial 

distribution of the oak decline in Andalusia. Studying the current spatial 

distribution of Phytophthora cinnamomi and the xylophage insects forecast their 

future spatial distribution in Andalusia; and assess the main drivers which explain 

their distribution. 

This Thesis has been organized by chapters in the form of scientific articles. There 

are presented four research chapters. The Thesis ends with chapter 6 we develop a 

general discussion and in chapter 7 the conclusions of this PhD Thesis are 

encompassed. Below is summarized the content and the specific objectives of each 

research chapter. 

In Chapter 2, we studied the transferability of Species Distribution Models using 

occurrence records from Phythopthora cinnamomi from Southwestern Australia 

and South Western Spain. We developed statistical models to assess the current 

potential distribution of the oomycete in both study areas and evaluated the SDMs 

capacity to predict the occurrence of Phytophthora cinnamomi from the other 

regions further apart in comparison with the number of predictor used. We also 

checked the environmental similarity between both studied areas, both within 

Mediterranean climate, by mahalanobis distance. Finally, we compared the set of 

environmental variables which defined the distribution of the species in both 

study areas. The importance of this study is due to transferability of SDMs is 

helpful in tasks such as assessment of the impacts of climate change on 

biodiversity, prediction of  the distribution of threatened species, forecasting of 
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forest dynamics and risk assessment of invasion by alien species. The specific 

questions were: 

a) Are models that show high accuracies locally also better when transferred 

to a disjunctive area? 

b) Which SDM algorithm achieves the best transferability accuracy? 

c) Do model transferability accuracies depend on the number of variables 

included in the models? 

In chapter 3, we assessed the current and future distribution of Phytophthora 

cinnamomi in Andalusia. We used ensemble SDMs and occurrence point locations 

from the RED SEDA to predict the current and future spatial distribution of the 

oomycete in response of different types of predictor variables, climate, 

topographic, edaphic and tree cover variables. Moreover, we categorized the RED 

SEDA point locations according to their probability of occurrence and suggested a 

proper management strategy. This chapter is important to prevent the dispersal 

and invasion of the oomycete of new locations. The general questions were: 

a) Which categories of environmental variables or their combination 

predicted the distribution of Phytophthora cinnamomi? 

b) Which is the current potential distribution of Phytophthora cinnamomi 

within Andalusia? 

c) Which will be the future potential distribution of Phytophthora cinnamomi 

within Andalusia? 

d) Which will the appropriate management strategy for the control of oak 

decline cause by Phytophthora cinnamomi in Andalusia? 

In Chapter 4, we changed from Phytophthora cinnamomi to another important 

agent of oak decay, the xylophage insects. We assessed the current distribution and 

the evolution through time by the kernel density approach. Moreover, we studied 

the parameters which are implied in their spatial distribution from meteorological, 

dasometric and topographic variables. We assessed the current and future 

potential distribution of xylophage insects with SDMs and climate change 

scenarios; and we suggested appropriate management strategies to restore the 

equilibrium between oak forest and the xylophage insects. The specific questions 

were: 
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a) to define/describe the current spatial distribution of the xylophage 

insects in Andalusia, using Kernel Density Estimation (KDE) 

b) to assess the potential current and future spatial distribution of the 

xylophage insects, using SDM techniques 

c) To identify the areas which have the potential to host the xylophage 

insects, according to both dasometric and climatic variables 

In Chapter 5, we evaluated the most recent afforestation program in Andalusia as 

measure to tackle deforestation. We assessed the current and future stability of 

cork oak afforestation under climate change scenarios. We developed current and 

future potential distribution and survival models to appraise the suitably of the 

afforestation under future climate change scenarios. The aim of the study was to 

evaluate the correct execution of the program for forestry measures in agriculture, 

identify the causes of its success or failure while showing the SDM as a tool to 

evaluate and improve the realization of these afforestation programs. The specific 

questions were: 

a) to assess the average environmental conditions of the cork oak 

afforestations 

b) to verify if higher survival rates of cork oak plantations match the areas 

with higher probability of presence 

c) to assess the displacement of the environmental niche of cork oak 

afforestation versus natural populations, to predict the future 

distribution of the survival rate of the afforestations 
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Abstract 

Species distribution models (SDMs) predict the probability of species occurrence based 

on their statistical relationships with environmental variables. Many studies have 

compared SDM algorithms and accuracies, but few have compared transferability of 

SDMs across disjunctive geographic areas and the impact of the number of variables on 

their performance and transferability. We compared the predictive power and 

transferability of ten SDM algorithms using Phytophthora cinnamomi point locations. P. 

cinnamomi Rands is an oomycete associated with Oak Decline in Spain and Jarrah 

Dieback in Australia. The environ-mental similarity between the two areas was assessed 

using Mahalanobis distances. Model performance was evaluated by area under the curve 

(AUC). The spatial distribution of P. cinnamomi was predicted satisfactorily (AUC>0.7) in 

Spain by nine algorithms, but only marginally (AUC>0.55) by all except one in Australia. 

Further, three machine-learning methods showed relatively high predictive power in the 

calibration areas combined with low transferability to the other continent, while two of 

the five regression models achieved reasonable accuracies within the calibration areas 

combined with a better intercontinental transferability compared to machine-learning 

methods. The SDM algorithms generated diverse responses to using less than five 

environmental variables. The most desirable combinations of model performance and 

transferability were achieved by General Linear Models (GLM) and Generalized Addi-

tive Models (GAM). MaxEnt performed at par with GLM and GAM in-situ as well as in 

transferring for one of the two directions. Moreover, MaxEnt provided the most robust 

response across the number of environmental variables tested. 

 

Keywords: General Linear Models (GLM), Mahalanobis distance, Maximum entropy 

models (MaxEnt), Phytophthora cinnamomi, Species distribution models, Model 

transferability 
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Resumen 

Los modelos de distribución de especies (MDE) predicen la probabilidad de ocurrencia 

de las especies en función de sus relaciones estadísticas con variables ambientales. 

Muchos estudios han comparado los algoritmos y la bondad de sus predicciones; pero 

pocos han comparado la transferibilidad de los MDE en áreas geográficas disyuntivas, la 

influencia del número de variables en su bondad y su transferibilidad. En este capítulo 

se compara el poder predictivo y la transferibilidad de diez algoritmos de MDE 

utilizando puntos de presencia y ausencia de Phytophthora cinnamomi. Phytophthora 

cinnamomi Rands es un oomiceto asociado con el decaimiento de Quercus en España y a 

la muerte súbita de Jarrahs en Australia. La similitud ambiental entre las dos áreas se 

evaluó utilizando distancias de Mahalanobis. La bondad del modelo se evaluó por el área 

bajo la curva (AUC). La distribución espacial de Phytophthora cinnamomi fue predicha 

satisfactoriamente (AUC>0.70) en España por nueve algoritmos, pero solo 

marginalmente (AUC>0.55), por todos menos uno, en Australia. Además, tres métodos 

de aprendizaje automático mostraron una capacidad predictiva relativamente alta en las 

áreas de calibración combinadas con baja transferibilidad al otro continente, mientras 

que dos de los cinco modelos de regresión lograron bondades razonables dentro de las 

áreas de calibración combinadas con una mejor transferibilidad intercontinental, en 

comparación con los métodos de aprendizaje automático. Los algoritmos MDE 

generaron diversas respuestas al uso variables ambientales. Las combinaciones más 

deseables de bondad y transferibilidad se lograron mediante los modelos lineales 

generalizados (GLM) y los modelos aditivos generalizados (GAM). MaxEnt (Máxima 

entropía) obtuvo resultados similares que GLM y GAM in-situ, así como en la 

transferencia en una de las dos direcciones. Además, MaxEnt proporcionó la respuesta 

más robusta a través del número de variables ambientales evaluadas. 

 

Palabras clave: Modelos Lineales Generalizados (GLM), distancia de Mahalanobis, 

Modelos de Máxima entropía (MaxEnt), Phytophthora cinnamomi, Modelos de 

Distribución de Especies, Tranferabilidad de Modelos. 
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Abstract 

Since the mid-20th century, trees in the Andalusian oak dehesa and forests have 

exhibited stress that often ends in the death of the tree. These events have been 

associated with Phytophthora cinnamomi, a soil-borne root pathogen, which causes root 

rot, bark cankers, decay and mortality – known as oak decline. Phytophthora cinnamomi 

is most virulent under high ambient temperatures combined with moist soils, i.e., in 

Mediterranean areas. We used presence/absence point locations of the Andalusian 

Network for Damage Monitoring in Forest Ecosystems (RED SEDA) pathogen survey and 

four categories of environmental variables – meteorological, edaphic, topographic and 

tree cover – to accurately predict Phytophthora cinnamomi current and future potential 

distribution within Andalusia, for a range of climate change scenarios, using ensemble 

species distribution models (SDMs). We assessed which categories of environmental 

variables explained the distribution of the pathogen, obtained accurate predictions for 

the current potential distribution of Phytophthora cinnamomi (AUC>0.95, TSS>0.70, 

Kappa>0.65) and forecasted its future potential distribution. Subsequently, we classified 

the sites of the pathogen survey within the RED SEDA network in three zones according 

to the already recorded presence of the pathogen and the current and future predicted 

probability of occurrence. Finally, we suggested phytosanitary management strategies 

for each zone. 

 

Keywords: biomod2, Ensemble species distribution modelling, Mediterranean oak 

woodlands, Oak Decline, Phytophthora cinnamomi 
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Resumen 

Desde de la década de los 80 del siglo pasado se viene observando un proceso de 

deterioro de los árboles de las dehesas y bosques de Quercus andaluces, que 

generalmente termina en la muerte del árbol. Estos eventos se han asociado, entre otras 

causas, al oomiceto Phytophthora cinnamomi, un patógeno de la raíz transmitido por el 

suelo, que causa podredumbre radical, chancros de corteza, decaimiento y la mortalidad 

de los individuos afectados. Phytophthora cinnamomi es más virulento en condiciones de 

altas temperaturas ambientales combinadas con suelos húmedos, es decir, en áreas 

típicas mediterráneas. Hemos utilizado parcelas con presencia y ausencia de 

Phytophthora cinnamomi pertenecientes a la Red Andaluza de Seguimiento de Daños 

sobre Ecosistemas Forestales (RED SEDA) combinados con cuatro categorías de 

variables ambientales - meteorológicas, edáficas, topográficas y cobertura arbórea - para 

predecir la distribución potencial actual y futura de Phytophthora cinnamomi en 

Andalucía; y sus proyecciones futuras usando escenarios de cambio climático, mediante 

modelos de distribución de especies ensamblados (MDE). Además, se evaluó la 

influencia de cada categoría de variables ambientales en la distribución del patógeno. 

Obtuvimos predicciones precisas para la distribución potencial actual de Phytophthora 

cinnamomi (AUC>0.95, TSS>0.70, Kappa>0.65). Posteriormente, clasificamos las 

parcelas de la RED SEDA en tres zonas de acuerdo con la presencia ya registrada del 

patógeno y su probabilidad de ocurrencia estimada actual y futura. Finalmente, 

sugerimos estrategias de manejo fitosanitario para cada zona. 

 

Palabras clave: biomod2, Modelos de Distribución de Especies ensamblados, Bosques 

de Quercus Mediterráneos, decaimiento de Quercus, Phytophthora cinnamomi 
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Abstract 

The Mediterranean oak forests are currently in severe decline. Although the oak decline 

has been mainly related to Phytophthora sp. and extreme climatic conditions, there are 

other biotic factors - such as the beetle Cerambyx ‘‘complex” - which are also implicated. 

The future climate change scenarios might aggravate this situation but also might 

enhance the dispersal and establishment of new beetle populations. We used the 

Andalusian forest health monitoring network (SEDA Network) to assess the current 

distribution of the beetles, using the Kernel Density Estimation approach, and the 

current and future distributions using ensemble Species Distribution Models. Model 

predictions revealed that dasometric (normal diameter and frequency of oak trees) and 

climatic (number of days with mean temperature above 30ºC) variables were important 

to estimate the distribution of the Cerambyx ‘‘complex”. The model performance was 

analysed by K, TSS, and AUC, which gave accurate (K>0.56; TSS>0.59 & AUC>0.87) to 

very accurate (K>0.63; TSS>0.64 & AUC>0.89) results for the models developed only 

with dasometric variables and with the combination of climatic and dasometric 

variables, respectively. We found four main regions where the xylophage beetles occur 

in Andalusia and a larger area which satisfies the environmental requirements of these 

beetles. The current potential habitat suitability of the xylophage beetles might increase 

under future climate scenarios, which might enhance the dispersal, colonization, and 

establishment of new populations of xylophage beetles in Andalusia. 

 

Keywords: Kernel Density Estimations, Mediterranean oak woodlands, Oak decline, 

SEDA Network, Species Distribution Models, Xylophage beetles 
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Resumen 

Los bosques de Quercus Mediterráneos están actualmente en grave declive. Aunque este 

declive se ha relacionado principalmente con el oomiceto de podredumbre radical 

Phytophthora sp. y condiciones climáticas extremas, hay otros factores bióticos, como los 

insectos xilófagos del "complejo" Cerambyx, que también están implicados. Las 

predicciones futuras de cambio climático podrían agravar la situación de los bosques de 

Quercus Mediterráneos, pero también podrían mejorar la dispersión y el establecimiento 

de nuevas poblaciones de este grupo de insectos. Hemos utilizamos la Red Andaluza de 

Seguimiento de Daños sobre Ecosistemas Forestales (RED SEDA) para evaluar la 

distribución actual de los escarabajos xilófagos, utilizando la estimación no paramétrica 

de funciones de densidad, mediante el método “Kernel”, y las distribuciones actuales y 

futuras utilizando Modelos de Distribución de Especies (MDE) ensamblados. Las 

predicciones del modelo revelaron que las variables dasométricas (diámetro normal y 

frecuencia de Quercus) y climáticas (número de días con temperatura media superior a 

30ºC) eran importantes para estimar la distribución del “complejo” Cerambyx. La bondad 

del modelo fue analizado por Kappa, TSS y AUC, lo que arrojó resultados precisos 

(K>0.56; TSS>0.59 y AUC>0.87) a muy precisos (K>0.63; TSS>0.64 y AUC>0.89) para los 

modelos desarrollados solo con variables dasométricas y con la combinación de 

variables climáticas y dasométricas, respectivamente. Encontramos cuatro regiones 

principales donde ocurren los escarabajos xilófagos en Andalucía y un área mayor que 

satisface los requisitos ambientales de estos escarabajos. La distribución potencial 

actual del hábitat de los escarabajos xilófagos podría aumentar bajo futuros escenarios 

climáticos, lo que podría mejorar la dispersión, colonización y establecimiento de 

nuevas poblaciones de escarabajos xilófagos en Andalucía. 

Palabras clave: Función de densidad “Kernel, Bosques Mediterráneos de Quercus, 

Decaimiento de Quercus, Red SEDA, Modelos de Distribución de Especies, Escarabajos 

xilófagos 
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Abstract 

Intensive afforestation programmes were developed in Spain during the end of the 20 th 

century and the beginning of the 21st, under the European Economic Community‘s 

(EEC) agricultural reforestation directives. However, these afforestations were 

performed without considering future climate change scenarios and now these areas 

have to cope with more-severe climatic conditions. We used ensemble Species 

Distribution Models (SDMs) to study the future stability of cork oak (Quercus suber L.) 

plantations established in Andalusia between 1993 and 2000. We used 

presence/absence data from the national forest inventory and RED SEDA Network, 

together with survival rate data from 2008 for cork oak afforestations planted between 

1993 and 2000, to forecast the potential optimal distribution of cork oak and to model 

the distribution of the survival rate of cork oak afforestations. We evaluated the change 

over time of the volume overlap of the environmental space between the potential 

distribution and the afforestations. The ensemble modelling approach gave highly-

accurate results for the current potential distribution of cork oak in Andalusia 

(AUC=0.943, TSS=0.718, Kappa=0.718) and moderately-accurate estimations of the 

distribution of the survival rate of cork oak afforestations in Andalusia (RMSE=0.290). 

We found that 10% of the cork oak afforestations planted between 1993 and 2000 were 

established in the optimal area of occurrence of cork oak (probability of presence above 

70%) and presented an acceptable survival rate (> 50%); also, the volume of the 

environmental space defined by cork oak afforestation decreased over time. We have 

confirmed the potential of SDMs to predict the distribution of the survival rate of cork 

oak afforestations and to assess their future stability. In the worst scenario, 3% of the 

cork oak afforestations would withstand climate change. 

 

Keywords: Afforestation, Andalusia, Climate change, Cork oak, European afforestation 

programmes, Species Distribution Models 
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Resumen 

Los programas de repoblación forestal que se desarrollaron en España durante el final 

del siglo XX y principios del XXI, se hicieron en el marco de las directivas de forestación 

de tierras agrarias de la Comunidad Económica Europea (CEE). Sin embargo, estas 

forestaciones se realizaron sin considerar los futuros escenarios de cambio climático y 

ahora tienen que hacer frente a condiciones climáticas adversas. Utilizamos Modelos de 

Distribución de Especies (MDE) ensamblados para estudiar la estabilidad futura de las 

forestaciones de alcornoque (Quercus suber L.) establecidas en Andalucía entre los años 

1993 y 2000. Empleamos los datos de presencia / ausencia de alcornoques del Tercer 

Inventario Forestal Nacional (IFN3) y de la Red Andaluza de Seguimiento de Daños 

sobre Ecosistemas Forestales (RED SEDA), junto con datos de la tasa de supervivencia 

para año 2008 en las forestaciones de alcornocal plantadas entre 1993 y 2000, para 

estimar la posible distribución óptima del alcornoque y modelar la distribución de la 

tasa de supervivencia de las forestaciones de alcornoque. Evaluamos el cambio en el 

tiempo de la superposición de los volúmenes del espacio ambiental entre la distribución 

potencial y las forestaciones de alcornoque. Los MDE dieron resultados altamente 

precisos para la distribución potencial actual del alcornoque en Andalucía (AUC=0.943, 

TSS=0.718, Kappa=0.718) y estimaciones moderadas para la distribución de la tasa de 

supervivencia de las forestaciones de alcornocal en Andalucía (RMSE=0.290). 

Encontramos que el 10% de las forestaciones de alcornocal plantadas entre 1993 y 2000 

se establecieron en el área óptima de ocurrencia del alcornoque (probabilidad de 

presencia >70%) y presentaron una tasa de supervivencia aceptable (>50%). Además, el 

volumen del espacio ambiental definido por las forestaciones forestales de alcornoque 

disminuyó con el tiempo. Hemos confirmado el potencial de los MDE para predecir la 

distribución de la tasa de supervivencia de las forestaciones de alcornoque y para 

evaluar su estabilidad futura. En el peor de los casos, el 3% de las forestaciones de 

alcornoque resistirían futuros escenarios de cambio climático. 

Palabras clave: Forestaciones, Andalucía, Cambio Climático, Alcornoque, Programas de 

forestación Europeos, Modelos de Distribución de Especies 
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6.1. General Discussion 

6.1.1. Forest decline 

Events of large tree mortality have been recorded worldwide in the last decade which 

has been associated to severe draught caused by climate change (Allen et al., 2010; 

McDowell et al., 2011). The future climate predictions forecast an increase of the 

frequency and intensity of these dry periods. These forecasted changes in the climate 

might affect the natural cycle of the ecosystems and might triggered more frequent 

events of tree mortality (Keenan, 2015). Therefore, forest managers and researches 

coincide on the necessity of further studies using the most advance techniques to tackle 

forest decline worldwide (Allen et al., 2010; McDowell et al., 2011; Martínez-Vilalta et al., 

2012). The events of large tree mortality are especially important in more arid zones 

where tree species might be already coping with climate change (Vilà-Cabrera et al., 

2018). That is the case of the southwest of the Iberian Peninsula where the events of 

large tree mortality has primary affected oak species, which has been generally named 

oak decline (Vilà-Cabrera et al., 2018). This PhD thesis has the aim to determine the 

factors involved on the distribution of the agents linked to the oak decline using advance 

techniques. The results obtained might contribute to improve the knowledge on the 

impact of the oak decline in Mediterranean oak forest, which is essential to adapt the 

oak forest management strategies to the current conditions of change. 

The overall topic of this PhD thesis includes the analyses of the Andalusian Network for 

Damage Monitoring in Forest Ecosystems (Red SEDA) and the study of the main factors 

associated to the oak decline in Andalusia; the oomycete Phytophthora cinnamomi and 

the Cerambyx “complex” under future climate change scenarios. At the first stage, we 

studied the introduction of the oomycete from its origin (Chapter 2) and then, we 

assessed the current and future potential distribution of the oomycete (Chapter 3); after 

the distribution of the xylophage insects and the environmental factors explained its 

distribution were also studied (Chapter 4); to end up with the convenience and 

suitability of the afforestation programs carried out in Andalusia (Chapter 5), at some 

extent to mitigate oak decline. The broad new contribution of this PhD thesis is the 

analyses of large databases combined with data mining and machine learning algorithms 

to underlined of those limiting factors; climatic, edaphic, topographic, dasometric and 

vegetation type which promote/reduce/increase/revert/ oak decline. The main 
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objective was predicting the spatial distribution of the main drivers involved in the oak 

decline in Andalusia under current and future climate change scenarios. 

6.1.2. Database 

The analysis of Big data (spatial and alphanumeric large databases) together with the 

use of data mining and machine learning algorithms gives ecologist useful information 

and better awareness of the data, which might lead to better informed decision making 

and might facilitate the understanding and identification of the drivers involved within 

the oak decline (Pino-Mejías et al., 2010). Big data analytics allows finding patters, 

process and correlations hidden in their structure (Travaglini et al., 2013). The 

implementation of machine learning algorithms facilitates to test hypothesis which 

would have been hardly impossible to process without those advance techniques (Ma et 

al., 2014). Nowadays, with the increase of the computational capacity of the IT services 

together with the limitless capacity to store information made the combination of Big 

data, data mining and machine learning algorithms a powerful tool for any research 

accomplished in the last decade (Ma et al., 2014; Wang, 2017).  

Studies facing the aspects linked to oak decline by the combination of the beforehand 

mentioned techniques at local scale are few and mainly linked to the oomycete 

Phytophthora cinnamomi. The presence or probability of occurrence of Phytophthora sp. 

has been studied worldwide (Burgess et al., 2017a), in North America (Václavík et al., 

2010), Australia (Burgess et al., 2017b), North Europe (Chadfield and Pautasso, 2012), 

South Europe (Moreira et al., 2006; Serrano et al., 2016); and recently in the Iberian 

Peninsula (Hernández-Lambraño et al., 2018). On the other hand, studies assessing the 

presence of the Cerambyx “complex” are restricted to the surveys areas, while its 

distribution at landscape scale has been poorly studied (But see Buse et al., 2007).  

6.1.3. Oak decline 

The mayor factors involved in the regression of Mediterranean oak woodlands includes 

pest and diseases, climate change, lack of regeneration, overgrazing by livestock and 

wildlife, and forest fires (Carrasco et al., 2009; Campos et al., 2013). The multicausal 

origin of the oak decline made the study a single isolated causal agent challenging (Tuset 

et al., 2006). However, the main drivers of the oak decline in Mediterranean oak 

woodlands have been considered prolonged drought (Camarero et al., 2009) and the 

affection of the oomycete Phytophthora cinnamomi (Sánchez et al., 2002), while the 
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implication of xylophage insects, which has been also included, has received minor 

attention (Tiberi et al., 2016; Torres-Vila, 2017). These agents might affect oaks vigor 

together or separately, though will produce similar symptoms; defoliation, loss of 

vitality and general decline (Tuset et al., 2006). Once the oak is weakened by drought or 

the affection of the oomycete, it might appear the incidence of xylophage insects which 

might increase the oak decay until it dies (Carrasco et al., 2009). However, there must be 

areas with lower incidence by the affection of Phytophthora cinnamomi and where the 

main declining agent could be considered the Cerambyx “complex” (Figure 4 Chapter 3 

and Figure 7 Chapter 4). In that case, the oaks might be slowly weakened until it losses 

its structural resistance, and some branches or even the trunk breaks (Sallé et al., 2014). 

In terms of Mediterranean oak forest afforestations and regeneration areas affected by 

oak decline caused by drought or Phytophthora cinnamomi are unsuitable to restore 

with oak species (Rodriguez-Molina et al., 2005), while areas affected by the xylophage 

insect might be suitable to restore because those insects solely attack old large decaying 

oaks (Chapter 4).  

The interaction of the triggering factors of oak decline has let to multiples studies 

(Brasier, 1992; Brasier et al., 1993; Sánchez et al., 2002; Moreira et al., 2006; Romero et 

al., 2007; Camilo-Alves et al., 2013). However, studies assessing the environmental 

condition which determined or evaluated the probability of occurrence of Phytophthora 

cinnamomi at landscape level are minor (but see Burgess et al., 2017a; Hernández-

Lambraño et al., 2018) and has merely focused on one responsible factor; climatic 

(Hernández-Lambraño et al., 2018), edaphic (Moreno et al., 2009; Gomez-Aparicio et al., 

2012), topographical characteristic (Cardillo et al., 2018), or host vegetation (Serrano et 

al., 2011). Therefore, the combination of topographic, vegetation cover, edaphic and 

climate variables together as response variables influencing the probability of 

occurrence of oak decline cause by Phytophthora cinnamomi improved the general 

knowledge about the oomycete (Chapter 3). Likewise, the stand structure determined by 

oak cover, fraction of canopy cover, total height, normal diameter (diameter at breath 

height) and distance to trees were highlighted as primary environmental variables 

limiting the probability of occurrence of the beetle Cerambyx “complex” (Chapter 4) 

which, also, contributed to the general knowledge of the species. 

In that sense, our results contributed at regional scale about the factors affecting oak 

decline and outlined those areas under high risk of infection. We confirmed the 
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importance of elevation and slope steepness as relevant environmental variables 

(Chapters 2&3). We agreed with other authors (Burgess et al., 2017a; Sena et al., 2018) 

with the importance of number of cold (tmin<5ºC) and warm days (tmax>35ºC), oak 

cover and evapotranspiration (Hernández-Lambraño et al., 2018) as relevant predictors 

for the distribution of both studied agents. We confirmed the influence of soil properties 

on the probability of occurrence of the oomycete (Camilo-Alves et al., 2013; Corcobado 

et al., 2013) and added the importance of solar radiation and sunshine hours in autumn 

to predict the distribution of Phytophthora cinnamomi (Chapter 3). Moreover, we 

highlighted the importance of the Cerambyx “complex” as secondary pest and, 

sometimes, as mayor biotic agent involved in the oak decline (Tiberi et al., 2016; Torres-

Vila, 2017). We found that Mediterranean oak woodlands present the perfect habitat so 

that the Cerambyx “complex” became serious pests (Chapter 4).  

6.1.4. The performance of SDM on forest pest distribution 

Species distribution models (SDMs) have confirmed their utility to develop conservation 

strategies (van Gils et al., 2008; 2014), and their accuracy performance over different 

species groups (Elith et al., 2006; Franklin, 2010). On this PhD thesis, we used a 

permanent spatial network, RED SEDA, to model and assess different aspects involved in 

the oak decline in Andalusia (Table 1). We got highly accurate model predictions for 

oomycetes (Chapter 3), xylophage insects (Chapter 4) and trees (Chapter 5); also, the 

transferability model accuracy was acceptable (Chapter 2). Our results support the fact, 

which was already discussed in Chapter 2, that systematics samplings designs improve 

the accuracy of model performance (Edwards et al., 2006). This improved the potential 

of systematic networks to complete conservation and management plans based on the 

obtained SDMs predictions. Additionally, in all our models’ predictions, we obtained 

highly accurate values of AUC which meant that the models presented high 

discrimination capacity, though TSS and Kappa values were, in the better cases, 

acceptable (Table 1). Significantly moderate, were the Kappa and TSS values obtained 

for the model prediction of the beetle Cerambyx “complex”, which may suggest that there 

might be other factors involved in their distribution besides the ones we tested, as forest 

management (Tiberi et al., 2016). Moreover, the just acceptable values of Kappa and TSS 

in the Quercus suber model predictions suggested that the species might have been 

displaced from it habitat and that there must be areas suitable for its distribution where 

the species is not present, similar results were found by López-Tirado and Hidalgo 
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(2016b). On the contrary, the acceptable TSS and Kappa values obtained in the model 

predictions of Phytophthora cinnamomi were explained by it classification as invasive 

species which is not in equilibrium with the environment (Chapter 2). To sum up, the 

model prediction developed to assess the distribution of the pathogens and Quercus 

suber presented highly discrimination capacity, but our distribution maps might be 

improved. The improvement of the maps might be assessed by developing distribution 

models a lower local scale (Hidalgo et al., 2008; van Gils et al., 2012).  

Table 1. Accuracy values of the more accurate model prediction developed in the PhD thesis.  

Chapters Species AUC TSS Kappa Model 
1 P. cinnamomi 0.88 0.62 0.60 GAM 
2 P. cinnamomi 0.95 0.72 0.70 EM. Committee averaging 
3 Cerambyx “complex”  0.87 0.59 0.56 EM. Committee averaging 
4 Q. suber 0.94 0.72 0.72 EM. Weight mean decay 

 

6.1.5. Habitat characterization and response curve of oak declining agents 

Assessing the distribution of an invasive species outside of its distribution range is 

critical because there are not in equilibrium with the environment, consequently there 

are not true absences and their dispersal capacity is constrained by abiotic or stochastic 

factors (Franklin, 2010). The results obtained in Chapter 2 encouraged to developed 

model predictions of the distribution of Phytophthora cinnamomi within Andalusia 

(Chapter 3). We confirmed that Andalusia had similar environmental conditions than 

Southwest Australia (Chapter 2), closer by the origin of the oomycete (Jung et al., 2017) 

and that we were able to predict the distribution of Phytophthora cinnamomi within 

Andalusia. Though, additional research was needed to assess its habitat requirements. 

The combinations of the response curve of the selected variables for the habitat 

suitability models built with Phytophthora cinnamomi (Chapter 3) and the Cerambyx 

“complex” data (Chapter 4) gave extra information about the environmental 

requirements of the agents related to the oak decline in Andalusia. The distribution of 

both agents was assessed with elevation, number of warm days and percentage of oak 

cover as common response variables (Figure 4). Our results highlighted the importance 

of cold winters to naturally control the colonization of new areas from both 

Phytophthora cinnamomi and the Cerambyx “complex”. The nature of colder climate to 

control the distribution of both agents is linked to the length of the active period, which 
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might be constrained by low temperatures (Benson, 1982). Both agents refused cold 

winter areas which are reasonable for a tropical oomycete, but it is not that clear for the 

beetle Cerambyx “complex” (Vodka et al., 2009; Buse et al., 2015). We discussed in 

Chapter 3 that the oomycete occurred in areas free of severed frost which was also 

already assessed (Benson, 1982). In addition, cold stress was used as predictor variables 

to assess the distribution of Phytophthora cinnamomi outside tropical areas (Burgess et 

al., 2017a). On the other hand, the Cerambyx “complex” is widely distributed throughout 

all central Europe where it has been shown that this insects reduces its activity in 

temperature <12ºC (Buse et al., 2015). Therefore, shorts summer periods might be a 

climate limitation for the development large populations of both agents (Camilo-Alves et 

al., 2013) and might also benefit the settlement of oaks afforestations (Arosa et al., 

2015). Controvertibly, cold also constrained the occurrence of cork oaks (Chapter 5), 

while holm oak was found to exhibit the widest temperature ranges in Andalusia 

(López-Tirado and Hidalgo, 2016b; 2018) and in Spain (Vayreda et al., 2016). Therefore, 

cork oak might appear in more suitable areas with higher incidence of both agents, 

though cork oak occurrence might be restricted by cold and calcium substrates (Pausas 

et al., 2009) while holm oak might occur in colder areas (López-Tirado et al., 2018) 

where the occurrences of both agents are reduced. However, the predicted climate 

change scenario in Andalusia claims that summer periods might lengthen which might 

benefit the dispersion and virulence of both agents due to a longer active period 

(Lieutier and Paine, 2016; Tiberi et al., 2016). Besides, longer active period the 

Cerambyx “complex” seems to advantage from higher temperatures (Vodka et al., 2009) 

and higher number of warm days, which presented a positive correlation with its 

probability of occurrence (Chapter 4). Controversially, the active period of Phytophthora 

cinnamomi diminishes in dry areas (Scanu et al., 2013). That is why low probability of 

occurrence was found in the eastern region of Andalusia (Chapter 2). Furthermore, drier 

climate with longer summers is the most negative variable affecting the settlement of 

cork oak afforestations (Chapter 5) but seems to not affect holm oak current and 

forecasted distribution (Vayreda et al., 2016; López-Tirado et al., 2018) as already 

mentioned. 

Elevation was another common response variable linked to the distribution of both 

agents (Chapters 2, 3 & 4). The relationship between the occurrences of both agents 

diminished with the elevation over 900 masl approximately. These can be related to the 
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relationship between elevation and local climate (Chapter 3). More elevated areas are 

colder and more unsuitable for both agents as discussed above (Figure 2). Moreover, it 

can be related to the distribution of the hosts, the Quercus sp. (Chapter 2 & 3). In 

Andalusia, Mediterranean oak forest have been displaced to higher elevations, poorer 

soils and stepper slopes by agricultural land which covered more fertile and accessible 

soils (López-Tirado and Hidalgo, 2016b; Vayreda et al., 2016). The increase of the 

probability of occurrences with the presence of oak cover confirms the habitat 

preference of both agents, though they might also affect other tree species (Sallé et al., 

2014; Jung et al., 2016).  

On the other hand, warm and cold temperatures might also restrict Mediterranean oak 

regeneration and restauration (Arosa et al., 2015). In a changing climate, the dynamism 

of the ecosystems varies at a vertiginous rate due more to the decay of individual adults 

trees than to their regeneration (Camarero et al., 2009). Therefore, the election of the 

proper restoration tree species might become of utmost importance in the future 

decades (Navarro Cerrillo et al., 2009). The decision of the planted species should be 

supported by analysis of the probability of occurrence followed by a suitable site 

preparation and monitoring of the post-planted management (Vadell et al., 2016).  

 

Figure 4. Response curve of the common variables of Phytophthora cinnamomi (Phy) and the Cerambyx 

“complex”(Cbx) 
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Figure 5. Response curve of the probability of occurrence of cork and number of cold days 

6.1.6. Correlation of current projections 

The spatial output (maps) of our result in the current situation presented acceptable 

correlation (>50%) between the probabilities of presence of cork oak (Chapter 5) and 

the probabilities of occurrence of Phytophthora cinnamomi and the Cerambyx “complex” 

as expected (Table 2). Notwithstanding, both are pathogens of cork oak and oak cover 

was a relevant variable to predict both distributions. On the other hand, the correlation 

between the spatial occurrence of Phytophthora cinnamomi and the Cerambyx “complex” 

presented a moderate value (40%), which might support the hypothesis that both 

species might not co-occur necessarily. This issue is highlighted in the north of Cordoba 

province where we found the first foci of the Cerambyx “complex” (Figure 2A, Chapter 4) 

and presented low probability of occurrence of Phytophthora cinnamomi (Figure 4, 

Chapter 3). This non-co-occurrence might be due to the colder winter temperature 

found on this area (Chapter 3). These findings support the hypothesis of the multicausal 

origin of the oak decline (Gallego et al., 1999).  

Table 2. Correlations coefficients from the Maps outputs of Chapter 3 - 5  

 
Survival 

rate 
Q. suber 

Cerambyx 
“complex” 

P. cinnamomi 

Survival rate  1.00    
Cork oak 0.68 1.00   
Cerambyx “complex” 0.13 0.52 1.00  
P. cinnamomi 0.07 0.51 0.42 1.00 

 

6.1.7. Afforestations and climatic stability 

In Chapter 5 we assessed the current and future stability of cork oak afforestations 

under climate change scenarios. We found that the 10% of those afforestations were 
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planted in highly suitable areas for the occurrence of cork oak (>70%) and with an 

acceptable survival rate (>50%). However, we did not consider the affection of 

Phytophthora cinnamomi and/or the attack of the “Cerambyx” complex. If we would have 

introduced both affections, our results would have been more pessimistic. We combined 

the current probability of occurrence of the Cerambyx “complex” (>75%) and the current 

probability of occurrence of Phytophthora cinnamomi >75%) with the results obtained 

in Chapter 5 and we got that <2% the afforestations sites were stablished in areas with 

low probability of occurrence of both agents and presented acceptable (>50%) survival 

rate and optimal probability of occurrence (>70%), which might decrease under future 

climate change scenarios. Moreover, we found very low correlation between the 

distribution of the survival rate of cork oak afforestation and the distribution of both 

declining agents (Table 2). This issue comes up with the potential of SDMs to develop 

more suitable afforestations programs (Hidalgo et al., 2008; Navarro Cerrillo et al., 

2016). However, the affection of both agents restricts the establishment of the new 

plantation differently. On the one hand, the solely presence of the oomycete might affect 

negatively to the establishment of the afforestation and the recommended pre-planting 

operation might favor the spread of the chlamydospores (Rodriguez-Molina et al., 2005; 

Jung et al., 2016), therefore afforestation should be done with resistant species. We 

found that only 8% of the afforestations within high potential of occurrence of cork oak 

were in areas with high probability (>25%) of occurrence of Phytophthora cinnamomi 

(Chapters 3 & 5). On the other hand, afforestations sites solely affected by the presence 

of the Cerambyx “complex” should be suitable to afforest due to the Cerambyx “complex” 

only affect large (normal diameter >20cm) decaying oaks (Chapter 4). 

6.2. Transferability of SDMs 

It was accurately possible to predict the distribution of an invasive oomycete from the 

locations on its tropical origin (Jung et al., 2013). Though, we found environmental 

dissimilarities between both study areas. Nevertheless, these dissimilarities might be 

tackled if we considered the variables range besides the variables means. Therefore, we 

recommend to test the mean value of variables and their range before perform a model 

transferability analysis (Merow et al., 2014). Another issue related to model 

performance was the sampling design of the occurrence records. Systematic stratified 

sampling designs presented positive correlation with model accuracy (Edwards et al., 
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2006). The importance of sampling design derives from covering the entire 

environmental range of species occurrence (Edwards et al., 2006) and avoiding spatial 

autocorrelation (Yu et al., 2015).  

We found that accuracy values varied according to the number of environmental 

variables included and the algorithm used. This finding underlined that optimal model 

complexity and number of explanatory variables remains an important issue in SDMs 

(But have a look to Merow et al., 2014). We recommend the used of less variables as 

possible to perform model predictions and transferability. And that simpler model 

algorithm might perform more accurate transferability predictions, as GLM and GAM. 

Finally, transferability accuracy might depend on the direction on which is applied.  

On the other hand, more accurate model predictions could have been obtained with a 

higher sample density in Andalusia. Increasing the number of present and true absence 

records under systematic sample survey might increase the environmental information 

added to the model (Franklin et al., 2017). Consequently, predictive models calibrated 

with true-absence data improve their performance, and that true-absence data are also 

critically needed to meaningfully assess invasion predictions (Václavík and 

Meentemeyer, 2009). However, the increase of records should be done carefully to avoid 

spatial autocorrelation (Veloz, 2009). The equilibrium might be founded between 

number of records and pixel resolution (Yu et al., 2015). Moreover, the set of 

environmental variables used was limited to those environmental variables available in 

both study areas. We were obliged to refuse the use of edaphic variables and until some 

extent vegetation variables which have been demonstrated that influence the 

distribution of the oomycete in both regions (Corcobado et al., 2013; Burgess et al., 

2017a; Hernández-Lambraño et al., 2018; Chapter 3). Likewise, we did not considered 

the current distribution of the host species which it had been proved as a relevant proxy 

(Hernández-Lambraño et al., 2018; Chapter 3). Nevertheless, the main obtives of the 

study were sucessfully overcome.  

6.3. Forecasting oak decline caused by Phytophthora cinnamomi 

Chapter 3 is the natural step in the study of the distribution of oak decline in Andalusia 

after the results of Chapter 2. In Chapter 3, we explored the current distribution of 

Phytophthora cinnamomi and future potential distribution under climate change 

scenarios. The combination of tree cover, climatic and topographic variables gave the 
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most accurate model prediction. However, the minor difference in accuracy found 

between model predictions using other combinations of environmental variables 

suggested that also edaphic variables influence on the distribution of the oomycete 

(Moreno et al., 2009; Corcobado et al., 2013).  

In this Chapter (3) we used all types of environmental variables available and also 

included variables which might explain dispersal constraints of the oomycete, as flow 

direction (Václavík and Meentemeyer, 2009). The inclusion of broader type of 

environmental variables is a conceptual improvement in respect to others studies 

assessing the potential distribution of Phytophthora sp. (Wilson et al., 2003; 

Meentemeyer et al., 2004; Moreira and Martins, 2005; Václavík et al., 2010; Chadfield 

and Pautasso, 2012; Scanu et al., 2013). We confirmed the results obtained in Chapter 2, 

and as expected, topographic variables (elevation, slope steepness, solar radiation, 

hours of sunshine and distance-to-water) contributed to the final model predictions; 

which might be a ‘paradoxical’ climate proxy in the context of probability of occurrence 

of oak decline caused by Phytophthora cinnamomi, which has already been discussed 

(Chapter 3). However, we would like to point out the importance of elevation and slope 

steepness as important predictors (Cardillo et al., 2018). Both variables has not only 

been highlighted as important predictors, but also has been underlined as important 

proxy for Phytophthora cinnamomi dispersal (Cardillo et al., 2018). Dispersal has also 

been stressed and important aspect on model prediction of invasive species (Václavík 

and Meentemeyer, 2009). 

The occurrence of oak decline caused by Phytophthora cinnamomi normally occurs in 

foci (Brasier, 1996; Sena et al., 2018). The foci spatial and temporal patterns and 

spreading of infected areas over steep slopes presented faster increased over the 

affected surface, i.e. the oomycete presented faster dispersion rate (Cardillo et al., 2018). 

We found that until 20% slope steepness the probability of occurrence of Phytophthora 

cinnamomi was >40%, which remained for the rest of slope percentages (Figure 2, 

Chapter 3). The general dispersion of infected foci by Phytophthora cinnamomi is 

downhill following needle shape increasing in width (Shearer, 1989; Cardillo et al., 

2018). Moreover, we found that the probability of occurrence of Phytophthora 

cinnamomi <40% over 900 m, which might be linked to minimum temperature (Camilo-

Alves et al., 2013; Sena et al., 2018) as already discussed. Therefore, further studies 
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assessing the influence on elevation and slope steepness might be done to tackle the 

influence of both topographic factors on the distribution and dispersal of the oomycete. 

Our results confirmed cold and hot stresses as relevant indicators of the probability of 

occurrence of Phytophthora cinnamomi (Burgess et al., 2017a) and confirmed cold as a 

natural control of the reproduction of the oomycete (Benson, 1982). The importance of 

the number of days with minimum temperature <5ºC in our models corresponds with 

the finding that Phytophthora cinnamomi occurs in areas free of severe frosts (Burgess et 

al., 2017a). The increased probability of occurrence with the number of days above 35ºC 

might be related to the ability of Phytophthora cinnamomi to cope with drought better 

than the roots of the oaks (Hardham, 2005; Camilo-Alves et al., 2013). Another aspect 

constrained the dispersion or colonization of new zones by Phytophthora cinnamomi 

might be aridity. Arid zones lack of available free water on the soil, which has been 

demonstrated as important component for Phytophthora cinnamomi dispersal and 

survival (Weste and Marks, 1987). In Australia, closer from the origin of the oomycete 

(Jung et al., 2017) and with longer management experience (Shearer et al., 2007), mostly 

all positive records of presence of Phytophthora cinnamomi are found close to the sea, 

over Mediterranean or tropical climates, and decreased inland, inversely to the aridity 

gradient (Burgess et al., 2017b). Furthermore, constraints dispersal ability or vector to 

control the oomycete has been a priority in infected areas (Shearer et al., 2007; Sena et 

al., 2018). However, one of the main dispersal vectors is human agricultural activities, 

livestock and wildlife displacement. None of these variables have been considering in 

predictive modelling (Cardillo et al., 2018; Sena et al., 2018). Therefore, the inclusion 

into predictive modelling of distance to shelters of livestock, management strategies and 

livestock and wildlife densities might increase model performance and the knowledge 

about the dispersion of the oomycete (Cardillo et al., 2018). To avoid the dispersion of 

the oomycete each site might need a specific study to assess the combinations of factors 

related to the oak decline caused by Phytophthora cinnamomi and, consequently, a 

customized management strategy (Sena et al., 2018). 

Finally, we found that the more alkaline the soil, the higher content on active lime, the 

lower the probability of Phytophthora cinnamomi occurrence which support the soil 

influence on its distribution as already mentioned. Phytophthora cinnamomi shows low 

virulence and incidence in soils with medium-high calcium content in Andalusia 
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(Serrano et al., 2012) and Australia (Broadbent and Baker, 1974); therefore, the 

Australian liming remedy has been recommended for Andalusia (Serrano et al., 2012).  

6.4. Cerambyx “complex” in Andalusia  

The results obtained in Chapter 4 revealed that currently there is a large area potentially 

suitable for the beetle Cerambyx “complex” in Andalusia. The current distribution of the 

xylophage insects has not yet reached its maximum spread. Moreover, in future climate 

change scenarios the potential habitat suitability of these insects was increased, which - 

jointly with the current decline of the Mediterranean oak forests (Camilo-Alves et al., 

2013) - confirms their potential to become a dangerous pest of the oak trees in 

Andalusia (Tiberi et al., 2016). 

Our study assessed the study of the current, current and future potential distribution of 

the xylophage insects at landscape level which fulfill the knowledge gap on this field. 

Mainly all the studies on the beetle Cerambyx “complex” on Mediterranean oak 

ecosystems had be done at plot or forest level (Torres-Vila et al., 2013; López-Pantoja et 

al., 2016; Torres-Vila et al., 2016; Redolfi De Zan et al., 2017; Torres-Vila, 2017). None of 

them assessed the factors involved in the distribution of the Cerambyx “complex” and 

neither assessed the spatial and temporal evolution of their distribution areas. However, 

the spatial distribution and the environmental factors which affect their distribution had 

been assessed in North Europe (Buse et al., 2007; Vodka et al., 2009; Albert et al., 2012). 

We identified four different areas (Figure 2 Chapter 4, 2013) where the species are 

established and have increased their incident area and population density over time 

(López-Pantoja et al., 2016; Torres-Vila et al., 2016). However, statistical values and 

accuracies of the approach should have been included (Perry, 1995). Moreover, the 

current foci distribution or areas with high densities occurrence of the beetle Cerambyx 

“complex” might be linked to traditional management as thinning, plowing and cork 

harvest which has not been included in the study. 

We took into account dasometric variables as predictor variables which supposed a 

predictive improvement and accurate proxy describing stand characteristics. Thought, 

dasometric variables were spatially estimated by a kriging procedure we did not 

difference between oak species and neither considered species preference on our study.  
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Our results showed that scatter pure oak stands or isolated oak trees with normal 

diameter >20cm with insolated trucks located in areas with >40 days with maximum 

temperature over 35ºC was the optimal habitat for the beetle Cerambyx “complex” sp. 

which match with the structure and characteristics of the Mediterranean oak 

woodlands. The potential current distribution is augmented in the future projections 

that consider climate change scenarios; i.e., the Mediterranean oak woodlands present 

excellent conditions for the development of the beetle Cerambyx “complex”, which might 

increase in abundance in the future if no conservation and control measures are taken. 

Restoration of the equilibrium between xylophage insects, insectivorous birds, and the 

ecosystem thought-out a sustainable management is crucial to maintain the biodiversity 

richness of the Mediterranean oak woodlands (Ceia and Ramos, 2016); therefore, both 

the host and the pest need to be safeguarded. Though, control of high population 

densities of xylophage insects is required in order to maintain healthy Mediterranean 

oak woodlands (Ceia and Ramos, 2016). 

6.5. Assessing the future stability of cork oak afforestations 

Afforestation has historically been considered as the main tool to restore and regenerate 

forest areas in Spain. The general aim of the afforestation programs has been to 

establish new forest areas and, until some extent, to mitigate oak decline. But according 

to our results, many sites planted with cork oak did not respond to forest management 

and did not achieve the general aim. This calls into question the approach to and 

monitoring of the programme. This study predicts a decrease in the optimal areas for 

afforestations under the different climate change scenarios which suggested, in some 

cases, to change the main species planted (López-Tirado and Hidalgo, 2016a, b). This is 

supported by the dramatic increase, over time, in the afforestation at sites with low 

probability of presence (<50%) and in the total area within Andalusia lacking the 

optimal conditions for the establishment of new cork oak populations (Fernández-

Cancio et al., 2012).  

We verified our hypothesis and higher survival rates presented a positive correlation 

with the probability of occurrence which also increased in future predictions. Therefore, 

artificial afforestations might enlarge their probability of survival under the optimal 

environmental conditions (Chapter 5). Moreover, SDMs expertise as a tool to evaluate 

afforestation programs was underlined.  
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We evaluated the survival rate of cork oak afforestations linked to climatic, topographic 

and edaphic environmental factors while management and biotic factors were not 

considered. The election of the suitable tree species for afforestation proposes have 

been widely study (Navarro Cerrillo et al., 2009) and has been pointed out as a key 

factor for achieving successful of the afforestation (Arosa et al., 2015). However, studies 

assessing the future probability of the afforestation beforehand are few. Though, SDMs 

has been pointed out as a suitable tool for afforestation programs (Hidalgo et al., 2008; 

López-Tirado and Hidalgo, 2016a). On the other hand, site preparation and post-plating 

management has also been underlined to influence the survival rate of the afforestation 

(Palacios et al., 2009). The consideration of these factors would have improved our 

results and offered a better overview of the suitability of the program. Moreover, none 

biotic constraints were considered which it is known that limited the survival of oak 

afforestaions (Rodriguez-Molina et al., 2005) Nevertheless, there were afforestation 

sites with suitable conditions that received adequate management (>1.35%) which must 

be the reference for future afforestation programmes. 

6.6. Limitations and future research 

The main contribution of this PhD thesis has been the development of current and future 

impact of biotic and abiotic factor in Quercus ilex and Q. suber ecosystems in Andalusia. 

Those models were built using environmental database, in particular the integration of 

two regional databases as RED SEDA and the spatial grid database available in the 

REDIAM (Junta de Andalucía, 2016). Moreover, nowadays there are a larger set of 

environmental free-databases as soil grids (Hengl et al., 2017) or FetchClimate (Grechka 

et al., 2016) which could have facilitated and increased the accuracy of our work. For 

instance, future forecast based on these models could be assessed in the future and test 

not only the spatial transferability but also the temporal transferability to the past using 

paleoclimatic databases. 

The current and future potential distribution of oak decline caused by Phytophthora 

cinnamomi was assessed using the RED SEDA network and average climate dataset. 

These models gave accurate predictions over the potential distribution of the oomycete 

and raised the environmental factors which might determine its distribution but there 

are underlined process (dispersal, species interaction) which scape to the scale of the 

study. The implication of the topographic variables as elevation and slope steepness 
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required further research at local scale. Moreover, though the current potential 

distribution was assessed, the foci distribution of Phytophthora cinnamomi within 

infected areas could have been also assessed (Figure 2, Chapter 4). Further studies 

might be done is this area as the difference response to the oomycete infestation 

between holm and cork oak at landscape scale and the environmental factors 

determining their susceptibility (Sena et al., 2018). Additionally, the relation between 

drought and high mortality outbreak might suggest a climatic relation-ship on the 

incidence or expression of the virulence of Phytophthora cinnamomi at landscape level. 

Finally, the addition of current and future forecast of the oak species in Andalusia could 

give a broader image of the future of Mediterranean oak forest under oak decline caused 

by Phytophthora cinnamomi and climate change affection. 

We studied the current distribution of the Cerambyx “complex” and determined the 

locations of the main foci within Andalusia. Though, we did not differentiate between 

host species, holm and cork oak, which would have given more information about the 

habitat preference of these xylophage insects. Moreover, the current distribution of the  

Cerambyx “complex” might be linked to a historical management strategy which has 

enlarged or reduced the habitat availability (decaying oaks) to these beetles (Tiberi et 

al., 2016). The consideration of the historical management strategy would have stressed 

those operation that should be restricted in future management plans. Finally, the 

influence of the climate on the insect outbreaks was not evaluated while it has been 

found that it increases the dispersal and mating of the xylophage insects (Tiberi et al., 

2016; Torres-Vila et al., 2018).  

We evaluated the future stability of cork oak afforestation of the European Economic 

Community‘s afforestation scheme for set-aside agricultural lands, though we did not 

account management strategies associated to the survival rate of the afforestations, and 

used average climate data and did not account for other species which were also used in 

the frame of the programme (Vadell et al., 2016). Therefore, the combination of 

management knowledge over the afforestations together with climate data of the 

studied period might be interested in a future research. The comparison of the future 

stability of the afforestations carried out with other species in the frame of the 

programme might be an interesting future research which might give general overview 

of the impact and benefit of the programme. 
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Finally, the combination of the overall results of this PhD thesis on a single study 

together with current and future potential distribution of the most important oaks in 

Andalusia might be considered for a future research. 
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Conclusions 

 Big data, data mining and machine learning have confirmed its potentiality to 

deal with ecological problems under climate change scenarios as the oak decline 

in Andalusia. 

 The systematic time series collected within the forest monitoring networks (RED 

SEDA) constitutes a potential tool to underline process and dynamic of forest 

ecosystems and assess the future perspective of Mediterranean oak woodlands in 

Andalusia. 

 We confirmed the utility of Species Distribution Models (SDMs) to predict 

accurately the potential distribution of invasive species, to develop risk maps, 

management strategies; and to evaluate the future of former afforestations. 

 We conclude that high predictive performance within the training area is not a 

guarantee of high transferability and that transferability analysis should be 

performed carefully with simple models algorithms as GLM or GAM and with 

fewer variables (<5). 

 Cold, aridity and alkaline soils were found as natural agent to limit the spread of 

Phytophthora cinnamomi and also cold limited the propagation of the beetle 

Cerambyx “complex”. Whereas, topographic and tree cover variables showed to be 

the most important categories of variables to predict the distribution of the 

oomycete in Andalusia. 

 The distribution of Phytophthora cinnamomi is likely to increase in the future due 

to the large potential area available where the oomycete is not present yet. 

Therefore management and intervention measures should be implemented to 

prevent the dispersal of the oomycete.  

 The Mediterranean oak woodlands show the optimal habitat suitability for the 

dispersal and establishment of the beetle Cerambyx “complex” which might 

increase in the future if no conservation and control measures are taken.  

 The conservation of the Mediterranean oak woodlands ecosystem might be 

linked to better silvicultural practices together with controls over the population 

densities of the beetles and adequate bird biodiversity management. 

 In future afforestations programs the optimal planted species should be selected 

according to future forecasted distribution and follow the recommendations 



Chapter 7: Conclusions 

159 

regarding site preparation and aftercare. Moreover, it would be also hardly 

recommended to plant resistant seedlings to main pest and diseases. 

 Future research combining all the results encompasses on this PhD thesis should 

be carry out to assess the future perspective of Mediterranean oak woodlands 

under climate change scenarios, pest and diseases constraints.  

 The results of this PhD thesis might increase the knowledge about the 

environmental factors involved in the oak decline in Mediterranean oak 

woodlands. 
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Annexes, other publications 

Annex I: Climate change may threaten the southernmost Pinus nigra 

subsp. salzmannii (Dunal) Franco populations: an ensemble niche-

based approach  
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Abstract 

We used Species Distribution Modeling to predict the probability of Iberian pine (Pinus 

nigra subsp. salzmannii (Dunal) Franco) occurrences in southern Spain in response to 

environmental variables and to forecast the effects of climate change on their predicted 

geographical distribution. The ensemble modeling approach “biomod2” was used, 

together with present Iberian pine data, to predict the current potential distribution 

based on bioclimatic explanatory variables (200 m resolution) and to forecast future 

suitability by studying three periods (2040, 2070, and 2100), considering the Global 

Circulation Models BCM2, CNCM3, and ECHAM5, and the regional model EGMAM, for 

different scenarios (SRAB1, SRA2, SRB1). Model evaluation was performed using Kappa, 

True Skills Statistic (TSS), and Area Under the Curve (AUC) values. The biomod2 

approach highlighted the average number of days with a minimum temperature equal to 

or below 0ºC, annual precipitation, and aridity index as the most important variables to 

describe the P. nigra occurrence probability. Model performances were generally 

satisfactory and the highest AUC values and high stability of the results were given by 

GAM and GLM, but MaxEnt and the SRE model were scarcely accurate according to all 

our statistics. The ensemble Species Distribution Modeling of P. nigra in Andalusia 

predicted the highest probability of species occurrence in the eastern areas, Sierra de 

Cazorla being the area with the highest occurrence of P. nigra in Andalusia. In the future 

habitat, the general probability of P. nigra occurrence in Andalusia will decrease widely; 

the species is expected to lose habitat suitability at moderate altitudes and its 

occurrence probability will have decreased by nearly 70% on average by 2100, affected 

by the selected scenario. Populations in Sierra de Cazorla are those most suitable for P. 

nigra growth, even under the most pessimistic scenarios. It is likely that the natural 

southern populations of P. nigra will be very sensitive to changes in climate.  

Keywords: Species Distribution Modeling; climate change; ensemble modeling; Iberian 

pine; Mediterranean relict forests.  
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Resumen 

Hemos utilizado Modelos de Distribución de Especies (MDE) ensamblados para predecir 

la probabilidad de ocurrencia de pino laricio (Pinus nigra subsp. Salzmannii (Dunal) 

Franco) en el sur de España en respuesta a variables ambientales, y pronosticar los 

efectos del cambio climático en su distribución geográfica predicha. Se utilizó el paquete 

"biomod2" del software libre “R”, junto con los datos actuales del pino laricio, para 

predecir la distribución potencial actual basada en variables bioclimáticas (resolución 

de 200 m) y pronosticar la idoneidad futura mediante el estudio de tres períodos (2040, 

2070 y 2100), considerando los Modelos de Circulación Global BCM2, CNCM3 y 

ECHAM5, y el modelo regional EGMAM, para diferentes escenarios (SRAB1, SRA2, SRB1). 

La evaluación del modelo se realizó usando los valores Kappa, True Skills Statistic (TSS) 

y Area Under the Curve (AUC). Los MDE destacaron el número promedio de días con una 

temperatura mínima igual o menor a 0ºC, la precipitación anual y el índice de aridez 

como las variables más importantes para describir la probabilidad de ocurrencia de P. 

nigra. Las bondades de los modelos fueron generalmente satisfactorias y los valores más 

altos de AUC y la alta estabilidad de los resultados fueron dados por GAM y GLM, pero 

MaxEnt y el modelo de SRE fueron vagamente precisos de acuerdo con todos los 

estadísticos considerados. Los MDE ensamblados de P. nigra en Andalucía predijo la 

mayor probabilidad de ocurrencia de especies en las zonas orientales; Sierra de Cazorla 

es la zona con mayor probabilidad de ocurrencia de P. nigra en Andalucía. En las 

predicciones futuras, la probabilidad general de ocurrencia de P. nigra en Andalucía 

disminuirá ampliamente; se espera que la especie pierda la idoneidad del hábitat a 

altitudes moderadas y su probabilidad de ocurrencia habrá disminuido en casi un 70% 

en promedio hacia el 2100, dependiendo del escenario seleccionado. Las poblaciones de 

Sierra de Cazorla son las más adecuadas para el crecimiento de P. nigra, incluso en los 

escenarios más pesimistas. Es probable que las poblaciones naturales del sur de P. nigra 

sean muy sensibles a los cambios en el clima. 

Palabras clave: Modelos de Distribución de Especies; Cambio Climático; Modelos 

ensamblados; Pinos laricios; Bosques mediterráneos relictos.  
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