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Resumen 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

El Sur de la Península Ibérica, según los diferentes escenarios pronosticados, se tornará cada 

vez más árido, lo cual afectará al funcionamiento de los ecosistemas. Sin embargo, todavía no 

se conoce en detalle cómo esto puede afectar a los bosques y su interacción con otros factores 

abióticos y bióticos. Por ese motivo es necesario entender cuál es la respuesta fisiológica que 

la aridez puede provocar en la vegetación, y hasta qué punto puede afectar el crecimiento de 

los árboles, la biomasa y la producción de los bosques mediterráneos. Para analizar el impacto 

generalizado de los factores abióticos y bióticos sobre el funcionamiento del ecosistema es 

necesario un diseño sistemático a diferentes escalas ecológicas (desde el nivel de individuo 

hasta el nivel de ecosistema). La presente tesis tuvo por objetivo general entender cómo los 

ecosistemas forestales pueden responder ante el aumento de la aridez. Para eso fueron 

estudiadas las respuestas ecológicas de los ecosistemas forestales en un gradiente de aridez a 

varias escalas utilizando la información del inventario forestal nacional (IFN). Inicialmente, se 

analizó la respuesta de los rasgos funcionales foliares y de madera, la tasa de crecimiento 

relativo a nivel de individuo, y la biomasa y la producción forestal a nivel de parcela de especies 

forestales claves del mediterráneo como Pinus halepensis, Pinus pinaster, Quercus faginea y 

Quercus ilex. Una vez modelada la biomasa y la producción forestal, se proyectaron los 

posibles escenarios climáticos frente a un hipotético aumento de la aridez. Además, se estudió 

el impacto de la aridez sobre la diversidad taxonómica y funcional del matorral que acompaña 

a los bosques de Q. ilex. Por último, se analizó el impacto de la aridez sobre la fenología de las 

especies forestales más abundantes en el sur peninsular usando series temporales de NDVI 

(índice de vegetación normalizado). Los resultados mostraron una respuesta significativa de 

rasgos funcionales como la densidad de la hoja y madera (LD y WD) frente a la aridez, los 

nutrientes y textura del medio edáfico para el modelo del conjunto de especies estudiadas. En 

los modelos específicos, la aridez y el contenido de arcilla explicaron significativamente el 

peso foliar específico (LMA), el grosor de la hoja (LT) y la densidad de la madera (WD) en P. 

halepensis, Q. faginea y Q. ilex. Por otro lado, la tasa de crecimiento relativo (RGR) no 

respondió a factores abióticos, pero se relacionó negativamente con el tamaño del individuo. A 

escala local, la biomasa forestal del conjunto de especies mostró relaciones con el área foliar 

(LA), el contenido de arcilla y el tamaño medio de los árboles. La aridez mostró relevancia 

para algunos de los modelos de biomasa específicos (Q. ilex) así como a escala regional en toda 

Andalucía (6924 parcelas) donde el NDVI y la densidad forestal también se mostraron 

significativas. La producción forestal a escala local respondió positivamente al medio edáfico 

(nutrientes y contenido en arcilla), RGR, biomasa media de los árboles y densidad forestal. A 
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escala regional la aridez afectó negativamente en la mayoría de los modelos de producción 

forestal. Las proyecciones de la aridez para los diferentes escenarios climáticos mostraron 

reducciones considerables de biomasa y producción forestal. La composición y riqueza 

taxonómica y funcional del matorral también se vio afectada por la aridez y el contenido de 

arcilla. En lugares más áridos, la comunidad se compone por especies más xerófilas, con 

valores elevados de LMA. La fenología de las especies forestales respondió a la aridez 

mostrando un retraso del inicio y final de la estación (SOS y EOS respectivamente) en lugares 

más áridos. La duración del ciclo fenológico (LOS) mostró gran variabilidad sin una respuesta 

homogénea frente a la aridez. El análisis temporal de las métricas fenológicas no mostró 

relación con la aridez, aun existiendo un aumento de las temperaturas medias en el tiempo. La 

mayoría de las especies reflejaron resiliencia frente a los eventos climáticos extremos con un 

incremento en NDVI (reverdecimiento) a lo largo del tiempo en la mayoría de las especies. En 

conclusión, la aridez y el medio edáfico afectan al comportamiento fisiológico de la vegetación 

y la composición del matorral, reduciendo la biomasa forestal y su producción. Esto puede 

originar cambios en la estructura y funcionalidad del ecosistema poniendo en riesgo su 

estabilidad y subsistencia a largo plazo. 
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Summary 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

The South of the Iberian Peninsula is expected to become increasingly arid under different 

forecast scenarios, potentially affecting the functioning of ecosystems. However, the specific 

impacts of aridity on forests and its interactions with abiotic and biotic factors are not fully 

understood. Therefore, it is necessary to investigate the physiological responses of vegetation 

to aridity and how it can affect tree growth, biomass, and forest production, across different 

ecological scales from individual to ecosystem. The main objective of this thesis was to 

understand how forest ecosystems can respond to increased aridity by studying ecological 

responses at various scales along an aridity gradient, using information from the Spanish 

National Forest Inventory (SNFI). The study focused on key Mediterranean forest species, 

including Pinus halepensis, Pinus pinaster, Quercus faginea, and Quercus ilex, and examined 

their foliar and wood functional traits, relative growth rate at the individual level, biomass and 

forest productivity at the plot level. The study also modeled the predicted change in biomass 

and forest productivity under different possible climate scenarios with hypothetical increases 

in aridity. In addition, the study investigated the impact of aridity on the taxonomic and 

functional diversity of shrub communities accompanying Q. ilex forests and analyzed the 

phenology of the most abundant forest species in the south of the peninsula using NDVI time 

series. The results showed that aridity, as alongside soil nutrients and texture, significantly 

affected functional traits such as leaf and wood density (LD and WD) across the set of species 

studied. For specific models, aridity and clay content were significant factors for leaf specific 

weight (LMA), leaf thickness (LT), and wood density (WD) in P. halepensis, Q. faginea, and 

Q. ilex. On the other hand, the relative growth rate (RGR) did not respond to abiotic factors but

was negatively related to the size of the individual. At the local scale, forest biomass of the set 

of species showed relationships with the leaf area (LA), clay content, and average tree size. 

Aridity significantly explained some specific biomass models (Q. ilex) as well as at a regional 

scale throughout Andalusia (6924 plots), where NDVI and forest density were also the main 

drivers. Forest productivity at a local scale responded positively to the edaphic environment 

(nutrients and clay content), RGR, average tree biomass, and forest density, while aridity 

negatively affected most forest productivity models at a regional scale. Projections of aridity 

under different climate scenarios showed considerable reductions in biomass and forest 

productivity. The composition, taxonomic, and functional diversity of shrub communities were 

also affected by aridity and clay content, with more xerophytic species and higher LMA values 

in more arid places. The phenology of forest species responded to aridity, showing a delay in 

the beginning and end of the season (SOS and EOS, respectively) in more arid places, but with 
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great variability in the length of the phenological cycle (LOS) without a homogeneous response 

to aridity. The temporal analysis of phenological metrics did not show a relationship with 

aridity, despite an increase in average temperatures over time. Overall, the study revealed that 

aridity and the edaphic environment can affect the physiological behavior of vegetation and the 

composition of shrub communities, resulting in reduced forest biomass and production and 

potentially altering the structure and functionality of ecosystems, with implications for its 

stability and long-term survival. 
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Capítulo 1. Introducción general 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

1. Introducción general

1.1. La importancia de los bosques

Actualmente, la superficie forestal mundial representa apenas un 31 % del área 

terrestre. En España esta superficie se sitúa próximo a un 40 % (Anaya-Romero et al., 2016; 

Fig. 1) y aunque los incendios forestales amenazan seriamente este porcentaje, diversos 

estudios a lo largo de las últimas décadas muestran un aumento de la superficie forestal en la 

Península Ibérica (Gouveia et al., 2016; Novillo et al., 2019). Esta tendencia posiblemente se 

justifique debido al abandono de áreas agrícolas y a las políticas de reforestación y 

conservación vigentes desde el siglo pasado (Vadell y Pemán, 2016). 

Figura 1. Mapa de las masas forestales en España. Fuente: informe Ecosistemas MITECO 2010. 

Los bosques no sólo son responsables de la fijación del CO2 atmosférico o de albergar 

gran parte de la biodiversidad terrestre; sino además porque representan una fuente histórica 

de recursos y beneficios de los cuales la sociedad ha disfrutado desde antaño (Krieger, 2001). 

El papel de los bosques continúa siendo transversal en la humanidad, afecta a sectores como la 

economía, el paisaje, el clima o incluso la salud sea ella física o mental (Bratman et al., 2019; 

Jurado et al., 2020). Todos estos servicios ecosistémicos suministrados por los bosques 

implican servicios de aprovisionamiento (madera, alimentos, agua, etc.), de regulación (clima, 

suelo, etc.), culturales y de soporte (biodiversidad, etc.) (Krieger, 2001; Guzmán Álvarez et al., 

2012). En este sentido, los bosques actúan como un sistema multifuncional sincronizado 
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autorregulando los posibles desequilibrios externos (Chichilnisky & Heal, 1998; Maestre et al., 

2012). Sin embargo, perturbaciones cada vez más intensas consecuencias del cambio climático 

(Herraiz et al., 2017b; Margalef-Marrase et al., 2020) o de la acción antrópica (Hisano et al., 

2018), están afectando tanto este equilibrio como los propios servicios ecosistémicos 

colocando en riesgo la vida como hoy la entendemos (Maestre et al., 2012; Ruiz-Benito et al., 

2014; Berdugo et al., 2020).  

1.2. Cambio climático y aridez 

Aunque históricamente la sociedad ha adoptado directrices de protección, conservación 

y gestión forestal, eventos climáticos extremos cada vez más intensos y frecuentes están 

afectando a los bosques y sus servicios ecosistémicos (Linderholm, 2006; Forner et al., 2018; 

Herraiz et al., 2017). Diversos estudios apuntan a un umbral de no retorno a partir del cual el 

avance de la deforestación amazónica, el deshielo del permafrost o de los casquetes polares 

entre otros, pueden acelerar irremediablemente el calentamiento del planeta ya alimentado por 

el uso masivo y creciente de los combustibles fósiles (IPCC, 2021). Los cambios originados 

por la acción antrópica pueden tener consecuencias hasta ahora desconocidas sobre las 

relaciones entre el clima y la vida. 

Las proyecciones de diversos modelos predictivos (IPCC, 2021) para la España 

peninsular (Fig. 2) indican, al igual que el resto de regiones con clima Mediterráneo, un 

aumento de la temperatura media y una reducción en las precipitaciones anuales (Morán-

Ordóñez et al., 2019). Esto impactará seriamente sobre el balance hídrico ambiental 

aridificando el paisaje y modificando los ecosistemas nativos (Martínez-Valderrama et al., 

2016). La desertificación podría afectar seriamente a los bosques y a sus servicios 

ecosistémicos de los ambientes semiáridos mediterráneos (Maestre et al., 2012). La 

biodiversidad, la producción agroforestal o el suministro de productos forestales no madereros 

podría verse seriamente afectado (Le Houérou, 1996; Martínez-Valderrama et al., 2016; 

Herraiz et al., 2017). 
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Figura 2. Tendencia temporal de las temperaturas medias anuales para los diferentes escenarios climáticos en la 

España peninsular. Las líneas de colores cálidos corresponden con los posibles escenarios climáticos.  Fuente: 

Informe sobre el estado del clima en 2020, AEMET. 

1.3. Inventario Forestal Nacional 

El Inventario Forestal Nacional (IFN) español ha monitoreado periódicamente el estado 

y las dinámicas de las masas forestales desde 1964. Como muchos países, España adoptó esta 

metodología in situ para proporcionar información detallada para la mejora de la gestión, 

planificación y explotación forestal (Ruiz-Benito & García-Valdés, 2016). Específicamente, 

los IFN tienen la finalidad de cuantificar la superficie ocupada por cada tipo de bosque; conocer 

las existencias madereras comerciales de cada especie; y monitorizar el estado de salud y otras 

características importantes (Alberdi et al., 2016; Bravo et al., 2011). 

Los inventarios forestales nacionales vienen desempeñando un papel muy valioso 

registrando la evolución espacio-temporal de datos forestales. Consiste en parcelas 

permanentes georeferenciadas (círculos de 25 m de radio, Fig. 3) localizadas en una malla  de 

1 km2 donde el uso sea forestal y proporcionan datos de estructura de tamaños, abundancia, 

biomasa, mortalidad, regeneración y diversidad, entre otras (Alberdi et al., 2016; Pescador et 

al., 2022). Actualmente la mayoría de las comunidades autónomas cuentan con la 4ª edición 

del IFN suministrando datos forestales a lo largo de los últimos 40 años. 

Por todo esto, el IFN ha mostrado ser fundamental para entender el efecto de variables 

bióticas como la densidad de árboles y abióticas como el clima sobre la tasa de crecimiento 

relativo (RGR), la biomasa o la producción forestal de las diferentes especies a lo largo del 

13



Capítulo 1. Introducción general 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

territorio nacional (Alberdi et al., 2016; Gómez-Aparicio et al., 2011). Por este motivo el uso 

de estos datos es importante para conocer los efectos del cambio climático sobre los bosques y 

los servicios ecosistémicos que suministran (Jenkins & Schaap, 2018; Leyen, 2020). 

Figura 3. Detalle del muestreo realizado en el IFN. Fuente: Alberdi, 2016. 

1.4. Biomasa y producción forestal 

La biomasa y la producción forestal, obtenidas gracias a la ejecución del IFN en 

diferentes periodos son de un gran valor para entender el funcionamiento y los servicios 

ecosistémicos prestados por los bosques (Villar et al., 2008). 

La biomasa forestal se define como la cantidad de materia acumulada en forma de masa 

por unidad de superficie (Mg ha-1) (Montero et al., 2005; Zhu & Liu, 2015), mientras que la 

producción forestal es la variación (aumento o pérdida) de la biomasa a lo largo del tiempo 

(Mg ha-1 año-1). La producción forestal está relacionada con el balance de entrada y salida de 

carbono, agua y nutrientes, y es indicativo de la rentabilidad del bosque y los servicios 

económicos que ofrece.  

La producción forestal (FP) es matemáticamente el producto de RGR, la biomasa media 

por árbol (TB) y la densidad arbórea (TD) (ver fórmula abajo) . 
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Por tanto, si las tres variables son independientes y no covarían entre sí, un incremento 

de una de ellas, ocasionaría un incremento en la producción forestal. Sin embargo, en 

numerosas ocasiones, estas tres variables covarían entre sí de una forma compleja. Por ejemplo, 

la evolución de un bosque a lo largo del tiempo implica en general una disminución de la 

densidad arbórea, al incrementarse la competencia entre los árboles, y esto determina que los 

árboles supervivientes incrementen su biomasa (autoaclareo). Si el descenso en la densidad es 

exactamente el mismo incremento en la biomasa media del árbol esto tendría como resultado 

que la producción forestal no variará (ley de producción constante, Begon et al., 2006). Por 

otro lado, la RGR no es independiente de TB o TD. Por ejemplo, en general, RGR suele 

disminuir con la biomasa de los árboles, debido a una disminución de la proporción de hojas y 

del aumento de los costos de mantenimiento del árbol (Villar et al. 2017). Por lo tanto, el efecto 

positivo de la RGR, la biomasa arbórea y la densidad arbórea sobre la FP no es tan claro y 

depende de las múltiples relaciones entre estas variables. 

Por ello, los datos del IFN, nos ayudarían a entender cómo varía la biomasa y 

producción forestal en el espacio y en el tiempo, y conocer cómo estas variables dependen o 

no de RGR, biomasa del árbol y densidad forestal, así como ser capaces de pronosticar el efecto 

del aumento de la temperatura y la reducción de las precipitaciones en el futuro en la región 

Mediterránea.  

1.5. Índices satelitales de vegetación, NDVI y computación en la nube 

Sin embargo, la metodología del IFN requiere una gran cantidad de recursos humanos 

y materiales dificultando su ejecución, siendo más complicado aún para grandes extensiones 

topográficamente heterogéneas como es el caso de España (Alberdi et al., 2017; Durante et al., 

2019). Además, su realización cada 10 años dificulta el análisis de dinámicas forestales a medio 

y corto plazo, como ocurre con los episodios de eventos climáticos extremos (Ruiz-Benito y 

García-Valdés, 2016). 
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Con el advenimiento de las imágenes multiespectrales espaciales, la observación de las 

dinámicas vegetales puede ser realizada de forma remota y continua en el tiempo (Chuvieco, 

2008). Las misiones satelitales que desde la década de 1980 registran datos espectrales a 

elevadas resoluciones espaciales y temporales permiten el diseño y uso de metodologías como 

los índices de vegetación (Chuvieco, 2008). Mediante la combinación de las diferentes bandas 

espectrales, los índices espectrales captan las posibles variaciones intra e interanuales de las 

especies permitiendo conocer la respuesta de la vegetación a factores abióticos en el tiempo y 

espacio (Jucker, 2022; White et al., 2016). Estos índices han sido ampliamente usados para el 

modelado espacio-temporal de dinámicas ecológicas de forma remota (Birky, 2001). 

Uno de los índices de vegetación más usados es el NDVI (Normalized Difference 

Vegetation Index; Chuvieco, 2008), el cual, combinando las bandas del rojo e infrarrojo, ha 

demostrado ser un proxy de la actividad y eficiencia fotosintética (Birky, 2001; Zhu and Liu, 

2015) reflejando el estado sanitario y las diferentes fases fenológicas, y por lo tanto fisiológicas 

(Fig. 4) que factores abióticos pueden alterar (Berdugo et al., 2020; Dong et al., 2003).  

Figura 4. Valor medio mensual de NDVI para las 10 especies forestales más abundantes en Andalucía en los 

últimos 20 años. Fuente: el autor, capítulo 5. 

Además, la gran cantidad de imágenes generadas a lo largo del tiempo permite hacer 

potentes análisis temporales permitiendo incluso monitorear los cambios a gran escala que el 

cambio climático pueda estar provocando en los bosques (Reed et al., 2009). 

Sin embargo, estos datos satelitales exigen una gran capacidad de almacenamiento y 

procesamiento computacional lo cual dificulta los análisis escalados en el tiempo y espacio 

(Schwab, 2016). Problemas que plataformas como Google Earth Engine (GEE) agilizan 
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mediante la llamada computación en la nube. Gracias a los sistemas de información geográfica 

(SIG), internet y el uso de lenguajes de programación como python o R, actualmente es posible 

procesar, analizar e interpretar rápidamente datos espaciales de elevada resolución temporal y 

espacial. Todo esto ha permitido acelerar, escalar y abaratar estudios para áreas espacialmente 

extensas de forma remota (Gorelick et al., 2017). Actualmente estas herramientas tecnológicas 

permiten obtener información casi en tiempo real ayudando en el diseño de políticas 

ambientales y la toma de decisiones por parte de los gestores (Liu et al., 2018; Patel et al., 

2015). 

1.6. La importancia de los rasgos funcionales 

Sin embargo, las comunidades forestales no se mantienen estáticas en el tiempo (Chave 

et al., 2009). Las distintas especies que forman las comunidades han desarrollado mecanismos 

a lo largo de la evolución para adaptarse y perpetuarse a condiciones muchas veces adversas 

(Violle et al., 2007). Gracias a los rasgos funcionales podemos entender el funcionamiento de 

las estrategias adaptativas de las plantas al medio (Villar et al., 2008). 

Podríamos definir los rasgos funcionales como aquellos atributos morfológicos, 

fisiológicos o fenológicos que impactan sobre el éxito ecológico de las especies (Fig. 5) y que, 

a su vez, ejercen algún efecto sobre las propiedades de los ecosistemas (Violle et al., 2007). Se 

ha atribuido a los rasgos funcionales la capacidad de responder a gradientes y cambios 

ambientales bajo los que se desarrollan las especies vegetales (Fontana et al., 2017; Wright et 

al., 2004). Además, se han identificado relaciones fundamentales entre los rasgos y los procesos 

que determinan la prestación de servicios ecosistémicos tanto a nivel poblacional como 

comunitario (Carlucci et al., 2020), así como la respuesta de la fenología en las plantas y la 

expresión de sus rasgos funcionales (da Silva E Teodoro et al., 2022). Por estos motivos, se 

hace cada vez más relevante el estudio y la valoración de los rasgos funcionales sobre los 

servicios ecosistémicos (Lavorel, 2013). 

Los rasgos funcionales pueden afectar a la biomasa, producción y el crecimiento de las 

plantas (Salazar et al., 2018; 2021). En ese sentido, estrategias adquisitivas permiten mayores 

velocidades de crecimiento frente a estrategias conservativas donde las especies han de 

enfrentarse a ambientes muchas veces limitantes (Cornelissen et al., 2003; Quero et al., 2011). 
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Figura 5. Principales rasgos funcionales vegetales. Fuente: Singh and Verma, 2020 

La mayoría de los estudios basados en rasgos funcionales se han enfocado en la 

variabilidad interespecífica de las comunidades estudiando su respuesta adaptativa a estímulos 

abióticos ambientales (Albert et al., 2010). Sin embargo, los rasgos funcionales también 

muestran la variabilidad intraespecífica importante frente a combinaciones de factores bióticos 

y abióticos lo cual puede significar alteración de las propias dinámicas del ecosistema 

(Salgado-Negret, 2015; Carlucci et al., 2020). 

Dentro de esa variabilidad inter e intraespecífica podemos encontrar el denominado 

espectro económico de la hoja, de la madera o de la raíz donde en forma de gradiente aparecen 

las diferentes estrategias sistémicas de las especies adoptan (Villar et al., 2008). Por un lado, 

existen especies cuya estrategia adquisitiva orienta sus esfuerzos hacia la obtención rápida y 

ágil de recursos (luz, agua, nutrientes). Estas especies presentan hojas finas con un bajo peso 

específico foliar (LMA, g m-2) y poco lignificadas, tallos con baja densidad (WD, g cm-3) y 

raíces con una longitud específica (RSL, m g-1) elevada. Por el otro extremo del espectro, 

aparecen las especies con una estrategia conservativa, las cuales adoptan características 

contrarias con un elevado contenido en materia seca buscando sobrevivir a condiciones de 

limitación de recursos (Wright et al., 2004; de la Riva et al., 2016). 

Estas estrategias junto a otros factores afectan consecuentemente al crecimiento de los 

árboles, la biomasa y la producción forestal (Villar et al., 2008). Los rasgos funcionales junto 

a otros factores bióticos, como la genética, la edad, la arquitectura o el propio dosel (todos 

intrínsecos al individuo), o la misma competencia, interaccionan con factores abióticos como 
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el suelo, la topografía y el clima (Grigal and Vance, 2000; Fajardo and Siefert, 2018). Todos 

pueden ayudar a comprender las dinámicas de crecimiento forestal y su distribución, así como 

los servicios que los bosques ofrecen (Krieger, 2001; Bowman et al., 2013). 

2. Objetivos

Este trabajo se propone estudiar de menor a mayor escala espacial el efecto de factores 

abióticos y bióticos y en especial de la aridez sobre los rasgos funcionales, la tasa de 

crecimiento (RGR), la biomasa y la producción forestal de las principales especies forestales 

del clima mediterráneo en España. Para eso, en varias ocasiones buscará el auxilio de 

herramientas de sensores remotos que, como los índices espectrales, ayudan a entender las 

dinámicas de las masas forestales. 

 Debido a la diversidad de los objetivos abordados, los capítulos responden a dos 

dimensiones complementarias que buscan entender como un posible aumento en la aridez 

puede afectar a los bosques en la Península Ibérica (Fig. 6). 

Por un lado, los capítulos 2, 3 y 4 analizan las relaciones a una escala menor (Fig. 6). 

Los cambios causados por factores abióticos como la aridez o el medio edáfico sobre los rasgos 

funcionales (inter e intraespecíficos) así como los posibles efectos sobre el crecimiento y la 

producción en diferentes comunidades a lo largo de la Península Ibérica fueron estudiados 

incluyendo a nivel de individuo y parcela. De estos capítulos, el 3 enfocará dichos efectos 

exclusivamente sobre el estrato arbustivo. 

Por el otro lado, los capítulos 5 y 6 analizan a una escala geográfica regional 

(Andalucía) el comportamiento a nivel de parcela de las especies forestales mediterráneas más 

abundantes (Fig. 6) usando los datos del IFN. Dichos capítulos incorporan en sus análisis y 

metodologías el uso de variables remotas. Entre ellas, están las variables espectrales, las cuales 

son sensibles a alteraciones morfológicas y fisiológicas de la vegetación en el espacio y el 

tiempo. Dentro de estas variables seleccionamos el NDVI, por haber demostrado tener una 

fuerte relación con la actividad fotosintética de las plantas. Este índice de vegetación además 

de indicar cambios en la biomasa vegetal puede reflejar alteraciones en la fenología y mostrar 

el estado sanitario de las plantas. 
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Figura 6. Esquema de los capítulos de la tesis doctoral. 

A continuación, se introducirá en detalle el contenido de los capítulos que componen la 

tesis doctoral. 

● Capítulo 2. “Linking functional traits with tree growth and forest productivity in

Quercus ilex forests along a climatic gradient” (Publicado en Science of Total

Environment)

En este capítulo, nuestra hipótesis es que un incremento en la aridez de los bosques de 

Q. ilex causa un aumento en los valores de rasgos funcionales como LMA, LD o WD y una

reducción en la tasa de crecimiento relativo (RGR), la biomasa y producción forestal.  Los 

principales objetivos, por tanto, fueron conocer el efecto de factores abióticos principalmente 

la aridez, así como las características del suelo sobre los rasgos funcionales de hoja y madera, 

la estructura forestal y la tasa de crecimiento relativo (RGR) de Quercus ilex, y usando 

ecuaciones estructurales se modeló la producción forestal de los bosques de Q. ilex. Para eso 
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se tomaron muestras suelo, hojas y madera en 30 parcelas del IFN con Q. ilex como especie 

dominante a lo largo de un gradiente de aridez por toda la Península Ibérica.  

● Capítulo 3. “Mediterranean shrub assemblage is driven by abiotic factors rather than

forest structure in holm oak forests” (enviado a Journal of Vegetation Science)

El estrato arbustivo muchas veces ha quedado injustamente relegado a segundo plano 

en diversidad de estudios ecológicos que analizan el efecto de los diferentes factores bióticos 

y abióticos sobre la composición y estrategia funcional de los árboles. Sin embargo, el matorral 

juega un papel fundamental en las dinámicas forestales afectando las diferentes relaciones 

ecológicas en los bosques. En este capítulo hipotetizamos que la aridez provoca cambios 

taxonómicos y funcionales sobre la composición y la biodiversidad. Es decir, conforme 

cambian los factores bióticos y abióticos, las especies presentes en el ecosistema cambian sus 

rasgos funcionales, de lo contrario son reemplazadas por especies más adaptadas a las nuevas 

condiciones. Para ello, muestreamos las mismas 30 parcelas de Q. ilex del IFN para obtener 

información sobre la abundancia, diversidad y funcionalidad del matorral. Analizamos los 

cambios en la composición taxonómica a través de un escalamiento multidimensional no 

métrico y un Análisis de Correspondencia Canónica, estudiamos los cambios en la composición 

funcional con un modelo Jerárquico de composición de especies, y descomponemos la 

diversidad filogenética y funcional alfa y beta a través de la función de descomposición Rao.  

● Capítulo 4: “Variability of functional traits in four Mediterranean forests species

under an aridity regime along Iberian Peninsula” (en proceso de envío a una revista)

En este capítulo la hipótesis de partida fue que al incrementarse la aridez o disminuir la

fertilidad del suelo tiene como efecto un aumento en los valores del LMA y WD y una 

disminución de RGR, biomasa y producción forestal. Para eso, se analizó la relación entre 

rasgos funcionales de hoja y tallo de 4 especies forestales arbóreas (P. halepensis, P. pinaster, 

Q. ilex y Q. faginea) con los factores abióticos como la aridez, el suelo y la topografía. Se

muestrearon 80 parcelas del IFN en un gradiente de aridez a lo largo de toda la Península 

Ibérica. Finalmente, la biomasa y la producción forestal (a nivel de parcela) fueron modeladas 

frente a factores abióticos y bióticos a lo largo de dicho gradiente. 
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● Capítulo 5. “Variability of land surface phenology of Mediterranean forests species in

South of Spain” (en proceso de envío a una revista)

En este capítulo hipotetizamos que una mayor aridez altera la fenología de especies más

representativas del mediterráneo andaluz, adelantando el comienzo de la estación (SOS) y 

retrasando el final de la estación (EOS) impactando en el ciclo de otras especies asociadas 

(polinizadores, herbívoros, etc.). Además, se espera que las temperaturas cada vez mas 

elevadas en el tiempo produzcan inicios de estación cada vez más precoces y finales cada vez 

más tardíos. Para eso, a partir de la distribución geográfica del IFN (tercera edición en 

Andalucía) y de una serie temporal de NDVI mensual, se caracterizó el ciclo espectral (NDVI) 

de las diez especies más abundantes en Andalucía (Castanea sativa, Eucalyptus camaldulensis, 

Olea europaea, Pinus halepensis, Pinus nigra, Pinus pinaster, Pinus pinea, Pinus sylvestris, 

Quercus ilex y Quercus suber). Usando la señal de NDVI, se analizó la respuesta fenológica 

intraespecífica de las especies en un gradiente espacial de aridez. Finalmente, se estudió la 

tendencia tanto del NDVI como de las métricas fenológicas a lo largo de los 28 años (1994-

2021) de registro para obtener el análisis temporal. 

● Capítulo 6. "Modelling aboveground biomass and productivity and the impact of

climate change in Mediterranean forests of South Spain" (aceptado en Agriculture and

Forest Meteorology)

En este capítulo pretendemos alcanzar dos objetivos específicos. El primero entender 

la importancia de las diferentes variables sobre la biomasa y la producción forestal. Para eso se 

modeló la respuesta de la biomasa y de la producción forestal a escala regional de las 

principales especies forestales de Andalucía (Olea europaea, Pinus halepensis, Pinus nigra, 

Pinus pinaster, Pinus pinea, Pinus sylvestris, Quercus ilex y Quercus suber) en relación tanto 

en factores bióticos (densidad forestal) como en abióticos (clima, suelo y topografía) y 

espectrales (NDVI). El segundo objetivo de este capítulo proyectó las posibles pérdidas tanto 

en la biomasa como en la producción forestal de los modelos generales en relación a las 

predicciones de aridez futuras para tres diferentes escenarios climáticos. Nuestra hipótesis es 

que un aumento de la aridez en el futuro ocasionará una reducción de la biomasa y producción 

forestal de las 12 especies más representativas del mediterráneo andaluz. 
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En resumen, esta tesis busca entender la capacidad plástica que las plantas han 

desarrollado a diferentes niveles para adaptarse a las condiciones limitantes del medio. Esta 

tesis analiza el efecto de factores que, como el clima, el suelo o la topografía muestran 

interrelaciones y efectos muchas veces inesperados sobre las comunidades vegetales. Además, 

dinámicas intrínsecas a los propios individuos como la respuesta coordinada de hojas y tallos 

también impactan sobre el crecimiento, biomasa y producción a nivel de individuo, comunidad 

y ecosistema. Por todos estos motivos es necesario continuar estudiando las relaciones entre 

factores abióticos y bióticos que puedan afectar a los servicios ecosistémicos que los bosques 

ofrecen.  

3. Aspectos novedosos de la investigación

A lo largo de la tesis fueron abordadas temáticas y metodologías que pueden 

considerarse como aspectos novedosos. 

1. La tesis usó grandes cantidades de datos espaciales combinando datos del inventario

forestal nacional (IFN2 e IFN3) tomadas en campo, un gran número de variables

abióticas (climáticas, edáficas y topográficas) obtenidas en bases de datos públicas y

variables espectrales estimadas por computación en la nube.

2. La combinación de todas estas variables permitió generar modelos predictivos del

comportamiento de la vegetación frente a diferentes escenarios climáticos futuros

(2060, 2080, 2100).

3. La tesis además propició la combinación de datos forestales a escala regional con

variables funcionales a nivel de individuo (rasgos funcionales y RGR) para relacionar

funcionalidad, crecimiento, biomasa y producción.

4. Estas escalas de datos disponibles permitieron relacionar variables a nivel de individuo

y parcela mediante técnicas de modelación avanzada como los modelos de ecuaciones

estructurales (SEM) o los modelos de distribución jerárquica de especies (HMSC) para

obtener resultados causales sobre el comportamiento de la vegetación.

5. La disposición y procesamiento de series temporales de datos espectrales (NDVI) por

más de 25 años permitió estimar el comportamiento fenológico de los bosques en

Andalucía donde los patrones de actividad fisiológica no corresponden con ninguno de

los modelos de crecimiento europeo.
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Plant functional traits are highly plastic to changes in climatic factors and nutrient availability. However, the in-
traspecific plant response to abiotic factors and the overall effect on tree growth and productivity is still under
debate. We studied forest productivity for 30 Quercus ilex subsp. ballota forests in Spain along a broad climatic
gradient of aridity (mean annual precipitation from 321 to 858 mm). We used linear mixed models to quantify
the effect of climatic and edaphic (soil nutrients, topography, and texture) factors on tree functional traits (leaf
and branch traits), and subsequently, the effect of such functional traits and abiotic factors on the relative growth
rate (RGR) of adult trees.We used piecewise structural equationmodels (SEMs) to determine the causal effect of
intrinsic and extrinsic factors on forest productivity. Our results showed that tree functional traits were mainly
explained by climatic and edaphic factors. Functional traits and tree biomass explained forest biomass and
RGR, respectively, which ultimately explained forest productivity. In conclusion, intraspecific variability of func-
tional traits has a significant effect on plant biomass and growth, which ultimately may explain forest productiv-
ity in Quercus ilex forests.
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1. Introduction

Functional traits are biological attributes that directly or indirectly
affect plant fitness and generally reflect plant adaptation to local envi-
ronmental conditions (Lavorel et al., 1997; Violle et al., 2007). Func-
tional trait variability allows plants to minimize their building costs
and maximize functional efficiency. Understanding how functional
traits vary across environmental gradients is critical to determine
plant functioning and their ecological strategies in contrasting environ-
mental conditions (Westoby, 1998), especially relevant under the ongo-
ing climatic change scenario. For instance, drought avoidance creates a
trade-off between water conservation and nutrient acquisition. For ex-
ample, wood density and leaf mass per area (LMA) increase in arid en-
vironments to reduce the risk of cavitation and increase defense
functions. However, this has the cost of a lower plant biomass and
growth (Chave et al., 2009; Vilà-Cabrera et al., 2015).

Empirical studies have shown that functional traits are related to
abiotic variables with a direct effect on the relative growth rate (RGR;
Chave et al., 2009; Salgado-Luarte and Gianoli, 2017; Violle et al.,
2007). At the local scale, the functional traits have an important effect
on RGR (Chaturvedi et al., 2011; Dong et al., 2020). Whereas at larger
spatial scales, tree size is generally used as the main plant trait and abi-
otic conditions are summarized through temperature or precipitation to
explain plant growth (de la Riva et al., 2016a;Moore et al., 2020). In fact,
a weak relationship between LMA and RGR has been found when plant
size is taken into account (Gibert et al., 2016;Wright et al., 2010), argu-
ing that LMA is not a clear physiological trait and should be replaced by
mechanistic traits (like leaf nutrients or wood density) more associated
with plant fitness (Rosas et al., 2019). In any case, the direct and indirect
effect of functional traits on RGR is key to understand how plants adapt
to environmental changes, and whether or not this has any effect on
ecosystem functioning.

Additionally, variation in RGR is associated with intrinsic factors as
the tree biomass and abiotic factors such as soil nutrient availability
and climate (Antúnez et al., 2001; Cornelissen and Thompson, 1997;
Lambers et al., 2008). However, it is still uncertainwhether these factors
have a direct or indirect effect on plant growth. For instance, Bu et al.
(2019) found that changes in abiotic conditions did not directly affect
plant growth, but indirectly via changes in plant functional traits. Simi-
larly, it has been shown that RGR negatively correlates with tree bio-
mass during the stand development; however, this relationship
disappears when the trees reach the maturity stage (Ruiz-Benito et al.,
2015). Therefore, the source of variation in RGR is currently a growing
field of research.

Several large-scale studies have analyzed how differences in
functional traits between species determine growth responses to plant-
plant interactions and forest demography (Kunstler et al., 2016;
Ruiz-Benito et al., 2017). It is not well known however the role of intra-
specific trait variability in determining forest responses (Wang and
Hamzah, 2018), although it has been suggested that functional trait intra-
specific variability determines species distribution under a warming
climate (Valladares et al., 2015). Furthermore, it has been shown that in-
traspecific variability can be larger than interspecific variability (Fajardo
and Siefert, 2016), and this variation influences the interactions among
organisms that ultimately drive the functional community (Bastias et al.,
2017; Siefert et al., 2015). Therefore, understanding the source of intra-
specific functional trait variations, as well as its contribution to plant
growth and ecosystem function is critical to understand forest responses
under changing conditions. We focus on the intraspecific variability of
Quercus ilex (subsp. ballota) dominated forests, a key tree species in
Mediterranean forests characterized by high plasticity and resistance to
drought (Aranda et al., 2004; Quero et al., 2006).Our goal is to assess
whether abiotic factors directly affect forest productivity or indirectly in-
fluence on it via changes in functional traits and RGR, and how such direct
and indirect effects might be disentangled (Fig. 1). We hypothesized that
the forest productivity (kg ha−1 year−1) is related to the forest biomass

(kg ha−1) and RGR (g kg−1 year−1). The forest biomass can be
decomposed in the mean tree biomass and the tree density, whereas
RGR can be explained by functional traits and abiotic factors. To study
this, we combined data from the Spanish National Forest Inventory
(NFI) with field sampling to include functional trait data and soil charac-
teristics. Our specific objectives are: (1) to determine how abiotic factors
(climate and soil properties) affect functional traits; (2) to know the effect
of abiotic factors, functional traits, and forest structure (tree biomass and
density) on relative growth rate; and (3) tomodel forest productivity as a
result of these ecological, physiological and environmental factors.

2. Material and methods

2.1. Study species

The Iberian Peninsula is characterized by evergreen sclerophyllous,
semideciduous malacophyllous, and grassland species. Most of the for-
est landscape is composed of cleared oak forest of Quercus ilex or
Q. suber, constituting the so-called “dehesas” in Spain and Portugal
(Gil-pelegrín and Peguero-Pina, 2017). Fluctuating conditions with
wet springs and dry summers dominate the Mediterranean climate,
which restricts plant growth and forest production (Flexas et al.,
2014). We studied Quercus ilex subsp. ballota (hereafter Q. ilex), an
evergreen-sclerophyllous and drought-resistant species, which is ex-
tensively distributed throughout the Mediterranean basin (Caudullo
et al., 2017; Quero et al., 2011; Fig. 2). This species is shade-tolerant
characterized by an anisohydric behavior (Sade et al., 2012) and the
leaf lifespan ranges from 2 to 3 years (Gratani et al., 2000). It is deep-
rooted and has a great capacity to maintain high stomatal conductance
during long dry periods (Barbero et al., 1992; Quero et al., 2011).

2.2. Spanish Forest Inventory and experimental design

The Spanish Forest Inventory is a nationwide program that estab-
lishes 50 m diameter plots in forested areas of Spain each km2. In the
NFI plots, adult trees [i.e. those with DBH (diameter at breast height)
greater or equal to 7.5 cm and height greater or equal to 1.30 m] were
measured using a variable radius sampling protocol. Thus, trees were
measured in a 5, 10, and 15 m radius subplots if the DBH was lower
than 12.5, 22.5 and 42.5 cm, respectively. Trees in the 25 m radius sub-
plot were only measured if the DBH was higher than 42.5 cm. For each
tree measured it is included the DBH, tree height and species identity.

We selected thirty plots dominated byQ. ilex from the inventory cov-
ering six contrasting climatic regions according to Köppen-Geiger Cli-
mate Classification. The plots were selected from the NFI database
within certain criteria based on the plot accessibility, location and the
Q. ilex percentage abundance in the plot. Five plots were randomly cho-
sen within each climatic region (in a nested design), and the distance
between plots of each region (13.5 km on average) was considered to
avoid pseudoreplication. On average, Q. ilex represented 90% of the
total forest biomass of the plot, ranging from 60 to 100% (with a total
dominance in 18 plots). The mean annual temperature varies between
10.9 and 17.4 °C and the annual precipitation varies from 357 to 858
mm. More details about the selected plots can be found in Table 1.

We used the DBH data from the third National Forest Inventory
(1997–2007, NFI3) and we calculated tree biomass (kg tree−1) using
the allometric equations from Ruiz-Peinado et al. (2011). For each
plot, the forest biomass (Mg ha−1) was calculated as the sum of the in-
dividual tree biomass considering the subplot where the tree belongs
(i.e. 5, 10, 15 and 25 m radius subplots) (Ruiz-Benito et al., 2014). Sim-
ilarly, we calculated tree density of each subplot as the sum of tree
density (number of trees ha−1) of each radius subplots. In 2018, we
re-measured the DBH of all trees in each selected plot to calculate tree
biomass increment and forest biomass increment in the last eleven
years (2007–2018 period). Moreover, we collected leaf and branch
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material from 5 random trees tomeasure key functional traits related to
plant ecological strategy.

Tree relative growth rate (RGR)was calculated as: RGR= [Ln (B2)−
Ln (B1)] / [t2 − t1], where B is tree biomass and t is time, with 2 and 1
referring to our sampling survey data (i.e. 2018) and NFI3 data (i.e.
2007), respectively. RGR is a standardized measure of growth with the
benefit of avoiding, as far as possible, the inherent differences in scale
among trees of different size, thus their performances can be compared
on an equitable basis (Pommerening and Muszta, 2015; Villar et al.,
2017). Forest productivity (kg ha−1 year−1)was calculated as the differ-
ence of forest biomass between our sampling data and NFI3 for trees
alive in both consecutive inventories divided by the time difference be-
tween surveys (between 9 and 11 years) with a daily resolution.

2.3. Functional traits measurements

Leaf and branchmaterial collectionwas done in late spring and sum-
mer, between May and September 2018, when the leaf formation is
completed. In each plot, five Q. ilex trees were sampled taking two
branches per individual. The samples were conservated in a damp
paper in a portable refrigerator and transported to the laboratory.
Fully mature one-year-old leaves were taken from each branch and
processed independently. A subsample of leaves were scanned (exclud-
ing petiole) and the leaf area (LA) was measured using Image Pro soft-
ware (Media Cybernetics, MD, USA). Then, in five leaves we measured
the leaf thickness (LT) using a micrometer (Electronic Digital Microme-
ter Comecta, Barcelona, Spain). After that, the leaves were dried on a
stove (60 °C for two days) to calculate leaf dry mass. Leaf mass area
(LMA, g m−2) was calculated as dry mass (g) / leaf area (m2), leaf den-
sity (LD; g cm−3) as LMA (g m−2) / thickness (μm) and leaf dry matter
content (LDMC; g g−1) = dry mass (g) / fresh mass (g). Another leaf
subsample was dried on a stove (60 °C for 2 days) and reserved for nu-
trient analysis.

To analyze leaf nutrients, leaves were dried at 70 °C for 24 h before
grinding with a stainless-steel grinder. The leaf N concentration was
measured using an elemental analyzer (Eurovector EA3000), and we

also measured the leaf concentrations of macronutrients (P, K, Ca, and
Mg) and micronutrients (Na, Fe, Mn, Cu, and Zn). To do so, 0.2 g of
leaf sample was digested using 3 ml of nitric acid at 65% during 16 h
at room temperature. Then the dissolution was dried up to 80 °C for
1 h before adding 1 ml of perchloric acid at 60%. The sample is later
heat up to 180 °C for 4 h until it is almost transparent. Phosphorus con-
centration was determined according to the molybdate blue method
(Murphy and Riley, 1962). Ca and Mg were determined by atomic ab-
sorption spectrophotometry, while K and Na were determined by
atomic emission spectrophotometry. Lastly, Fe,Mn, Cu, and Znwere de-
termined by atomic absorption spectrophotometry.

Additionally, two branch samples of about 5 cm length and 1 cm di-
ameterwere collected from each individual.Weweighed them to calcu-
late the branch fresh mass (in g) and we calculated the branch volume
using Archimedes´ principle (displaced volume of water). Branch sam-
ples were dried at 60 °C for 4 days to obtain branch-wood dry mass
(BWDM). Branch-wood density (BWD, g cm−3) was calculated as
BWDM/branch volume, and branch-wood dry matter content
(BWDMC) was calculated as branch-wood dry mass/branch-wood
fresh mass. All measured functional traits were calculated following
the methodology described in Pérez-Harguindeguy et al. (2013).

2.4. Abiotic factors

In each plot, four random points were selected and soil samples
were taken at 0–20 cm depth. The soil cores obtained were mixed in
two independent samples. Later, the samples were dried at room tem-
perature, ground, sieve (2 mm), and stored in plastic closed bags. Soil
texture was determined in 10 g of soil using the Robinson pipette
method (Gee et al., 1986). Soil organic carbon was measured by the
Walkley and Black (1934) method with potassium dichromate. After a
partial extraction of available soil nutrients, wemeasured soilmacronu-
trients (P, K, Ca, andMg) andmicronutrients (Na, Fe,Mn, Cu, and Zn). To
determine P content, we use the NaHCO3 0.5 M extraction (Olsen et al.,
1982), and for Na, Ca, K and Mg, soil samples were extracted by 1 M
NH4OAc at pH 7. Fe, Zn, Mn, and Cu were determined after extraction

Fig. 1. Theoretical model explaining the hypothesized effects of abiotic factors on functional traits (Objective 1, O1). The effect of abiotic factors (blue), functional traits (green) and tree
factors (orange) as tree biomass (kg tree−1) on relative growth rate (RGR, g kg−1 year−1; Objective 2, O2), and its effect on forest biomass and all of them on forest productivity (kg ha−1

year−1, black) (Objective 3, O3).
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Fig. 2. Spatial distribution of the 30 sampled plots dominated by Quercus ilex across an environmental gradient in Spain. Dot colour indicates average aridity index (higher values indicate
high aridity). Blue circles indicate the 6 climate regions used as random effect in the models.

Table 1
Descriptive statistics of the functional traits, forest traits, and abiotic factors measured in this study. SD: standard deviation, CV: Coefficient of variation (100 × standard deviation/mean).

Abr. Variable Mean SD Min Max CV

LA Leaf area (cm−2) 4.44 1.62 1.66 10.61 36.56
LD Leaf density (g cm−3) 0.53 0.09 0.29 0.82 15.92
LMA Leaf mass per area (g m−2) 216 36 115 321 16
LT Leaf thickness (μm) 404 57 233 559 14
BWD Branch-wood density (g cm−3) 1.14 0.05 0.88 1.35 4.40
BWDMC Branch-wood dry matter content (%) 61.5 4.9 51.9 85.7 8.0
TB Tree biomass (kg tree−1) 545 822 15 5754 151
TD Tree density (number of trees ha−1) 263 282 32 1273 107
FB Forest biomass (Mg ha−1) 37.9 16.7 8.7 73.1 44.0
FP Forest productivity (Mg ha−1 year−1) 2.51 1.65 0.49 6.20 65.70
RGR Relative growth rate (g kg−1 year−1) 48.3 44.6 0.5 240.9 92.3

Clay (%) 10.0 9.5 1.0 44.1 95.5
Aspect (°) 205 107 2 358 52
Slope (%) 7.55 5.79 0.21 25.49 76.69

Elev Elevation (m) 556 170 233 861 31
Hills Hillshade 0.68 0.08 0.41 0.83 11.39
TPI Topographic position index −1.09 2.81 −10.46 4.73 −258.51
TRI Topographic roughness index 6.83 5.02 0.13 20.64 73.51
MAP Mean annual precipitation (mm) 622 142 357 858 23
MAT Mean annual temperature (°C) 14.3 1.8 10.9 17.4 12.6
AI Aridity index 66.0 8.8 45.2 79.4 13.3
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with a solution containing 0.1 M triethanolamine (TEA), 0.005 M
diethylenetriaminepentaacetic acid (DTPA), and 0.01 M CaCl2 (Norvell
and Lindsay, 1972). Then, soil nutrient analysis was made using the
same methodology described before for leaf nutrients.

Soil topography was also considered as an abiotic factor for this
study. Digital elevation models (DEM) were downloaded as raster files
using the “elevatr” package. The slope, aspect, topographic position
index (TPI), terrain ruggedness index (TRI), and hillshade were calcu-
lated for all plots. The slope (%) was calculated as themaximum change
in elevation between the cell and its eight neighbor cells. The aspectwas
calculated as the direction of the slope in decimal degrees clockwise
from the north (0° North, 180° South). The TPI was calculated as the dif-
ference between themaximum and theminimum value of a cell and its
eight surrounding cells. Positive TPI values represent cells that are
higher than the average of their surroundings cells, while negative
values represent cells that are lower than their surroundings cells. The
TRI was calculated as the mean of the absolute differences between
the value of a cell and the value of its eight neighbor cells. LowTRI values
represent even terrain surfaces, while high TRI values (over 250) are
considered rugged surfaces. The hillshade calculates the hill shade
from the slope and aspect layers as a number from0 (low sun exposure)
to 1 (high sun exposure). Due to the high correlation between TPI, TRI
and hillshade, with slope and aspect, we decided to exclude slope and
aspect from the models.

Moreover, mean annual temperature (MAT) and precipitation data
(MAP) were downloaded from the WorldClim database (Hijmans
et al., 2005). Additionally,we downloaded the precipitation in the driest
month (DMP) and the temperature in the driest month (DMT) in
Celsius degrees to calculate the modified Martonne aridity index
(Stephen, 2005) as AIm where AIm = {[MAP] / [MAT + 10]} + {[12 ×
DMP] / [DMT+10] / 2}. Since high AIm indicates highwater availability,
we transformed this variable as follows: AI = 100− AIm. The transfor-
mation of AI (100 − AIm) is the inverse of AIm, and therefore the rela-
tionship between these two variables is completely linear and did not
affect the results.

2.5. Statistical analyses

To reduce the amount of soil nutrient variables (11 variables), a prin-
cipal component analysis (PCA) for all soil nutrients (S) was carried out
(Fig. S1, Supplementary Material). The main axes (S1 and S2) explained
39.6% and 21% of the variance, respectively (Fig. S1A, Supplementary
material). The axis S1 was positively related to Ca and N concentration,
while the axis S2 was positively related to P and Fe concentration
(Fig. S1B, Supplementary Material). To explore the overall relationships
between abiotic factors (soil and climate variables) and avoid collinear-
ity in themodels, a correlationmatrixwith all potential abiotic variables
was performed (Fig. S2A, SupplementaryMaterial). Due to the high cor-
relation betweenMAT,MAP, andAI (P>0.05,we exclude bothMAT and
MAP from further analysis.

Similarly, we carried out a PCA for the leaf nutrients (L) to reduce the
number of variables (Fig. S3, Supplementary Material). In this case, the
amount of variance explained, and the variable scores of the PCA were
also used to analyze the leaf nutrient variability and the variables that
drive themost variation in each axis. Furthermore, to explore the overall
relationships between functional traits and avoid collinearity in the
models, a correlation matrix was made (Fig. S2B, Supplementary Mate-
rial). The LMA, LD, LA, and LT showed a tight correlation between them,
while BWDMC was negatively correlated with BWD. Therefore, only
LMA and BWD were included as explanatory variables.

To quantify the direct effect of abiotic factors (climate variables, to-
pography, soil texture and nutrients) on chemical and morphological
leaf traits, we carried out linearmixed-effects (LME)models for each re-
sponse variable at tree level (Objective 1; Fig. 1). To explore the effect of
abiotic factors (climate variables, topography, soil texture and nutri-
ents) and functional traits on the relative growth rate, we carried out

an LME model at the tree level (Objective 2; Fig. 1). All trees in our
studywere clusteredwithin the plots (n=30), and the plotswere clus-
tered within regions (n= 6). Therefore, to account for the no indepen-
dence of our dataset (Lefcheck, 2021), we nested the plot random factor
in the region random factor.We used the Gaussian family function to fit
the models. Prior to any modeling analysis, data was scale transform
using the basic “scale” function in the R software (which subtracts
each data by the variablemean and divide it by the standard deviation).

Finally, to explain the causal effect of these variables on forest pro-
ductivity, and account for both direct and indirect effects, we built two
piecewise structural equation models (SEM) using first tree level data
to explain the RGR and, second, plot-level data to explain forest produc-
tivity (Objective 3). The structure of the hypothesized causal relation-
ships between the selected variables was set based on our expected
relationships in Fig. 1. Since forest variables (forest productivity and for-
est biomass) and abiotic factors (climate variables, soil texture and nu-
trients, and soil topography) were only calculated at plot level and
functional traits (LMA, LT, LD, BWD, BWDMC), tree biomass and RGR
were calculated at tree level, we decided to split the analysis into two
SEMs to avoid losing intraspecific variability data. First, we used data
at the tree level to explain RGR using the results from Objectives 1 and
2. Then, mean values from the tree-level data were calculated to obtain
a value of RGR and forest biomass per plot. These variables were then
used in a subsequent SEM performed at the forest level to assess their
effects on forest productivity. Our theoretical model was changed
based on our previous results to exclude non-significant relationships
as a function of the highest statistical support according to the signifi-
cance of the Fisher's C value (P> 0.05), indicating that the relationships
of the missing paths are neither significant nor related to our model
(Shipley, 2009). In both cases, the model was fit by maximizing the re-
stricted log-likelihood.

Data analysis was carried out using the R statistical computing soft-
ware (R Core Team, 2017). The tidyverse packagewas used for datama-
nipulation and graphic display (Wickham et al., 2019). Spatial
representation of the NFI was done with the package “sp” and “sf”
(Pebesma, 2018). Map generation was done with the package “tmap”
(Tennekes, 2018). Worldclim data was downloaded and extracted
with the package “raster” (Hijmans et al., 2005). The linearmixed effect
model analyses were carried out using the “lmer” package (Pinheiro
et al., 2017). All the data and the script to generate these results can
be accessed from an open repository in github (https://github.com/
PabloCSZ/ForChange/tree/forchange_soil).

3. Results

3.1. Variation in functional traits

Functional traits showed high variability, being particularly large for
leaf area (Table 1). LMA, LD, and LT had around 14–16% coefficient of
variation, and the range between minimum and maximum values was
higher than themean. BWD and BWDMC showed the lowest coefficient
of variation among all variables, ranging between 4 and 8% (Table 1).

Leaf nutrients were summarized by the first and second principal
component axes (L1 and L2) that explained 32.7% and 20.1% of the var-
iance, respectively (Fig. S3A, Supplementary material). The L1 axis was
mainly positively related to Cu, Fe, and Ca concentration, while the L2
axis was positively related to N, P, and negatively to Na concentration
(Fig. S3B, Supplementary Material). The intraspecific variability in leaf
functional traits showed strong relationships between them and were
orthogonal to those related to branch wood density (see Fig. S2B, Sup-
plementary Material).

The variance of plant morphological traits explained in the models
was between 0.52 and 0.9 (see conditional R2, Table 2). However, ran-
dom effects account for a substantial amount of variance, in some
cases, higher to the fixed effects (see marginal and conditional R2,
Table 2). Aridity index was the variable with the strongest effect on
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LMA and leaf thickness, having a positive effect on both traits (Table 2,
Fig. 3A and B). Abiotic factors were not able to significantly explain
the intraspecific variability in LD, LA, and BWD in the models. How-
ever, hillshade and soil nutrients (S1 and S2 axes) showed a signifi-
cant effect on leaf thickness, whereas terrain ruggedness index
(TRI) showed a significant positive effect on BWDMC (Table 2).
Leaf nutrients, summarized in the first principal component axes
(L1), were mainly explained by clay percentage (Fig. 3C and D, re-
spectively) and hillshade, yet the models showed a marginal R2 of
0.28 (Table 2). A high clay percentage was related to a high Ca, Cu,
and Fe leaf concentration but low N, P, and Na leaf concentration.
Mixedmodel diagnostics (residual distribution and partial residuals)
showed that model assumptions were met for each case (Figs. S4, S5,
and S6, Supplementary Material).

3.2. Variation in relative growth rate (RGR)

RGR showed a high coefficient of variance among trees (92.3%),with
values ranging between 0. 5 to 240.9 g kg−1 year−1 (Table 1). It was ex-
plained negatively by the soil PCA second axis and tree biomass (Fig. 4A
and B, respectively). Functional traits, soil topography, and climatic fac-
tors did not show a significant effect on RGR, and the model showed a
marginal R2 of 0.28 (Table 3).

3.3. Forest productivity model

The two piecewise SEM built based on our initial hypothesized
model to explain RGR and forest productivity showed a high goodness
of fit (Fisher's C = 28.9, P value = 0.15, and Fisher's C = 8.1, P-value

Table 2
Results of the LMEmodels explaining the variation of functional traitswith abiotic factors using a restrictedmaximum likelihoodmethod offit. Estimates for each independent variable and
significant correlations are indicated in bold (* P< 0.05 and ** P< 0.01) and nearly significant (a 0.1 > P> 0.05) in bold and italic. Marginal R2 (encompassing variance explained by only
the fixed effects) and conditional R2 (comprising variance explained by both fixed and random effects). See Table 1 for acronyms.

Response variable Independent variables Hillshade TRI TPI R2 M R2 C

AI S1 S2 Clay %

LMA 0.42** −0.21 0.017 0.08 0.26 −0.1 −0.21 0.33 0.52
LD −0.09 0.23 −0.22 −0.01 −0.10 −0.27 −0.11 0.08 0.43
LT 0.64** −0.48* 0.27a 0.09 0.44** 0.17 −0.17 0.45 0.62
LA −0.06 0.22 −0.02 −0.24 −0.07 0.12 0.25 0.1 0.43
BWDMC 0.40 −0.21 0.28a −0.05 0.22 0.38* −0.08 0.1 0.43
BWD −0.02 −0.01 −0.16 0.03 0.02 0.12 −0.28a 0.05 0.43
L1 0.21 0.16 0.09 0.33* −0.28* 0.05 0.05 0.28 0.79
L2 −0.08 −0.02 −0.05 0.12 0.06 −0.04 0.13 0.03 0.9

Fig. 3. Relationships of LMA and LT with Aridity (A and B, respectively), and relationships of leaf nutrient first (L1) and second (L2) PC axes with clay percentage (C and D, respectively) at
tree level. Grey area indicates 95% confidence interval.
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= 0.74, respectively) and account for both direct and indirect effects of
functional traits and abiotic factors. At the tree level, the soil texture and
topography explained the leaf nutrients (L1) (Fig. 5). L1 and branch-
wood density explained the tree biomass and together with the soil
nutrients (S1 and S2) explained the RGR of each tree. At the plot level,
aridity and L1 explained the mean LMA of the plot, which alongside L1
explained the forest biomass. Ultimately, the mean RGR of the plot,
and the forest biomass, explained the forest productivity (Fig. 5).

4. Discussion

Our results showed that forest productivitywasmainly explained by
RGR, which, in turn, was affected by tree biomass and soil nutrients,
with an indirect effect of functional traits and climate factors. We
found a positive effect of LMA and leaf nutrients on forest biomass
that directly affected forest productivity. This suggests that the variabil-
ity of functional traits in response to climate factorsmight directly affect
forest carbon storage in the long run.

5. Effects of abiotic factors on functional traits

LMA constitutes themostmeasured and commonly used trait to de-
scribe plant ecological strategies. Our results indicated that LMA was
positively related to aridity and sun exposure time due to the hill
shade effect. Similarly, LMA has also been found to decrease with pre-
cipitation (Ogaya and Peñuelas, 2007) and temperature (Poorter et al.,
2009; Vilà-Cabrera et al., 2015). Leaf thickness was also explained by
aridity and hillshade and showed a high correlationwith LMA. This sug-
gests that the increase in LMA under drought conditions and high light
exposure is linked with an increase in leaf thickness, associated with a
larger volume of mesophyll area in the leaf tissue (Poorter et al., 2009;
Villar et al., 2013). In theory, this morphological change has a direct im-
pact on the gas exchange (Maire et al., 2015) andwater transport (Rosas
et al., 2019), and it may reduce the impact of abiotic stress on plant
growth.

The leaf chemical traits were mainly explained by the clay percent-
age and sun exposure due to the hill shade effect, rather than aridity
or soil nutrients. A high clay percentage in the soil is generally associ-
ated with low water drainage and high nutrient storage (Anderson
et al., 2006). Overall, this leads to a high soil nutrients availability
(Table S1, Supplementary material), and ultimately, a high leaf nutrient
concentration. However, for some nutrients, a high clay percentage as-
sociated with a high concentration of iron oxide can also lead to a
more negative soil matric potential in summer and autumn and reduce
soil nutrient transport, a situation referred to as the inverse texture ef-
fect (Fernandez-Illescas et al., 2001). This might be our case based on
the negative correlation between clay percentage and the L2 axis
(mainly explained by the leaf N and P concentration), and the negative
effect of clay percentage on soil P concentration (data not shown). Fur-
thermore, an increase in leaf P concentration seems to be paired upwith
high leafMn concentration (Fig. S1, Supplementarymaterial). The accu-
mulation of Mn in the leaf is relatively common when P mobility in the
soil is limited (Lambers et al., 2015). It seems that root exudates can lo-
cally modify the soil pH, which makes P more available alongside Mn
(White et al., 2013). Therefore, it is possible that the clay percentage
in the soil can increase soil nutrients concentration, but reducing itsmo-
bility in highly demanded nutrients, like P. The increase in sun exposure
due to the hillshade effect can lead to oxidative stress and damage the
parenchymal tissue despite the increase in leaf thickness (Demmig-
Adams and Adams, 2006). This would reduce photosynthetic rate and
leaf nutrients mimicking water stress in arid conditions. Thus, our re-
sults highlight the importance of soil texture and topography to shape
the leaf chemical composition. However, the random effects associated
to the location of the plots explain a large portion of the variation in
functional traits. Therefore, it is possible that other biotic or abiotic fac-
tors play a key role in plant functioning at a regional scale.

5.1. Effect of abiotic factors, functional traits, and forest structure on RGR

The individual tree biomass was the main intrinsic factor explaining
the RGR of the trees. This negative relationship suggests that larger trees
tend to growmore slowly, which could be explained by a lower propor-
tion of leaves (Villar et al., 2017). Thus, as the tree biomass and thenum-
ber of resources required for growing increase, nutrient assimilation
and transport proportionally decrease, reducing RGR. Competitive in-
teractions for light and nutrients between surrounding trees reduce
plant growth, at least in the early years (Binkley, 2004). Thus, the mag-
nitude of the biomass-growth relationship depends also on the compet-
itive environment (Ruiz-Benito et al., 2015). Furthermore, hydraulic
and nutrient limitations appear in older trees due to mechanical
constraints in vessel size, which reduces both water and nutrient
transport (Mencuccini et al., 2005). An increase in soil nutrient con-
centration should yield high plant biomass, however, this only seems
to be true for small trees (Li et al., 2018). The increase in soil

Fig. 4. Relationships of the relative growth rate with soil nutrients PC2 and tree biomass (axis log transformed) (A and B, respectively) at tree level. Grey area indicates 95% confidence
interval.

Table 3
Results of the relative growth rate (RGR)model explained by tree biomass (TB), functional
traits (LMA. BWDMC), leaf nutrients main PC axes (L1 and L2), soil nutrients main PC axes
(S1 and S2), soil texture and topography (Clay, TPI, TRI, and Hills), and aridity using a re-
stricted maximum likelihood method of fit. Significant correlations are indicated (* P <
0.05 and ** P < 0.01). Marginal and conditional R2 are included. The table is displayed in
two rows. See Table 1 for acronyms.

Independent variable TB LMA BWDMC L1 L2 S1 S2

−0.58** 0.05 0.07 0.01 0.14 0.34* −0.39**

Independent Clay TPI TRI Hills AI R2 M R2 C

−0.19 0.02 0.03 0.04 −0.04 0.28 0.41
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nutrients concentration does not mitigate the morphological
changes associated with nutrient transport when the tree gets
older and the biomass increases (Drake et al., 2010). In our case,
RGR was explained by the soil nutrients summarized in the soil
PCA axes (S1 and S2). However, opposite results have also been
found (Paoli and Curran, 2007; Zemunik et al., 2018), and further
studies are still required to understand the effect of soil nutrients
on plant growth under field conditions.

Climate factors had a low effect on RGR, in agreement with previous
results for several Quercus species suggesting a lower explanatory
power of climate in comparison to local factors as nutrient availability,
soil texture, and tree density (Villar et al., 2017). Furthermore, func-
tional traits did not show a significant effect on RGR either, which con-
tradicts several studies that suggested functional trait variability has a
physiological impact at the whole-plant level (Poorter et al., 2009;
Violle et al., 2007). However,most of those studies have been performed
in young seedlings rather than adult trees (Bastias et al., 2018). When
this distinction has been made, results have shown that LMA does not
correlate with RGR for adult trees (Laughlin et al., 2017; Wright et al.,
2010). The lack of relationship has been justified by the absence of a
clear physiological basis in the so-called “soft traits”, like LMA and leaf
thickness, and tree height (Rosas et al., 2019). However, this kind of ter-
minology has been questioned because it focuses onmethodological as-
pects (how easy or difficult it is to measure a certain trait) and
underestimates the functional meaning of leaf morphology (Violle
et al., 2007). In Q. ilex evergreen leaves, high LMA is the result of high
sclerenchymatic tissues (de la Riva et al., 2016b) that confer leaf resis-
tance to water diffusion from the vein to the mesophyll during climatic
stress. Most likely, the leaf functional trait plasticity is reducing the neg-
ative effect of environmental stress, thus, limiting the reduction of RGR

(Gratani, 2014). According to this, morphological changes in the leaf are
made to keep plant growth steady regardless of climate conditions.

5.2. Modeling forest productivity depending on ecological, physiological,
and environmental factors

Our models confirm our initial hypothesis, which suggests that forest
productivity depends on both RGR and forest biomass. Key functional
traits like LMA and BWD affect forest productivity, but not directly as
we initially hypothesized. For instance, the effect of LMA and climatic fac-
tors (i.e. aridity) over RGRdid not occur directly, instead, increases of LMA
directly affect tree biomass (Antúnez et al., 2001; Lambers and Poorter,
2004). However, this relationship does not hold itself when the tree size
increases because respiratory losses for maintenance increases in large
trees (Mencuccini et al., 2005). Thus, even though LMA is a highly sensi-
tive trait to environmental factors, its variation does not always represent
an adaptive advantage to increase the RGR. Instead, we found a positive
effect of LMA on forest biomass. This suggests that a thick and dense leaf
increases forest biomass in the long term. Similar results have been
found when limited conditions are present (van der Sande et al., 2018),
and in temperate forests (Yuan et al., 2019). Similarly, other abiotic fac-
tors, such as soil topography and texture, showed an indirect effect on
tree biomass by affecting leaf nutrient concentration. Therefore, leaf
chemical andmorpho-physiological changesmight be a strategy tomain-
tain water transport, leaf nutrition, and C uptake under abiotic stress,
therefore increasing the forest biomass.

The positive effect of intraspecific trait variability on tree biomass
and tree growth could be potentially occurring in other Q. ilex forests,
which are well distributed across the South of Europe and around the
Mediterranean basin (Urbieta et al., 2011) or even for other tree species.

Fig. 5. (Top) Piecewise structural equation modeling explaining forest productivity with forest biomass and RGR based on our initial hypothesis (see Fig. 1) using data from 30 plots.
(Bottom) Piecewise structural equation modeling explaining the RGR of each tree in our study (n = 135). Dashed lines (from BWD to tree biomass) indicate non-significant
relationships. Boxes colour indicate the type of variable (blue: abiotic factor, green: functional trait, and orange: tree factor). Short arrows indicate the correlation coefficient for each
response variable (n = 135). S1 and S2 (first and second axes of soil PCA), LMA (leaf mass per area), L1 and L2 (first and second axes of leaf PCA), BWD (branch-wood density).
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The specific effect of abiotic factors on functional traits and plant growth
should be further explored in other Mediterranean ecosystems in South
America, Southwest Australia or South Africawhere summer aridity can
have a detrimental effect on species distribution and functional diver-
sity (Christie et al., 2011; Gil-Pelegrín and Peguero-Pina, 2017). The in-
traspecific variability of leaf traits, such as LMA, are related to their
adaptation to xeric conditions (Gil-pelegrín and Peguero-Pina, 2017),
and should influence forest demographic characteristics across the
globe. Here, we focused our analysis on tree growth and forest produc-
tivity but other key demographic processes as treemortality and regen-
eration are critical determining long-term forest dynamics (e.g.
Astigarraga et al., 2020; Lines et al., 2020). Furthermore, differential de-
mographic responses can alter population density and the diversity in
functional traits affecting to plant-plant competition and forest produc-
tivity (Beckage and Clark, 2003; Gillner et al., 2013). Ultimately, our
study showed that forest productivity is mainly explained by RGR,
which is affected by tree biomass and soil nutrients. This result suggests
that protecting established forests increases forest biomass, and utterly,
forest productivity (Morán-Ordóñez et al., 2020). Scheduling pruning
and wood harvesting allow for a reduction in stand density, increase
light availability in dense patches, and eliminate competitive interac-
tions between trees (Reyes et al., 2008). Similarly, protecting species di-
versity and regulating animal foraging increase soil fertility in the long
term (Ammer, 2019; James et al., 2009). Thus, the implementation of re-
gional forest policies may be as important as national environmental
regulations to protect Q. ilex forest productivity (Mokany et al., 2008).

6. Conclusion

Our findings highlight that the large intraspecific variation in key
functional traits (i.e. LMA) was associated with a climatic gradient and
shows that plant changes to abiotic stress do not always have direct ef-
fects on plant growth or forest productivity, but indirect effects can be
important. Instead, soil fertility and tree biomass have a fundamental ef-
fect on the relative growth rate, suggesting forest management may
have a bigger role than we originally thought to maintain forest ecosys-
tem services.
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Abstract 

The shrub composition relies on the functional variability of the species in the community and 

the biotic and abiotic constraints that may limit growth, reproduction, and survival. However, 

it is not clear how taxonomic and functional composition interact to shape the community 

diversity in response to external factors. In this study, we focused on the effect of aridity, soil 

characteristics and forest biomass over shrub composition and community diversity in Quercus 

ilex forest in the Iberian Peninsula. To do so, we remeasured 30 plots of the Spanish National 

Forest Inventory across an aridity gradient in Spain to obtain detailed shrub information 

(composition, abundance, and functional traits) and the forest tree structure (tree density and 

biomass). We analysed the changes in taxonomic composition through ordination techniques, 

studied the changes in functional composition with a Hierarchical model of species 

composition, and decompose the phylogenetic and functional diversity through the Rao 

decomposition function. Aridity and clay percentage were the main factors responsible for the 

differences in taxonomic and functional composition, thus, when the abundance of some 

species increases in arid conditions, the LMA (leaf mass per area) (at species and community 

level) also increases. Finally, we found a higher phylogenetic relatedness and trait divergence 

within communities than among them. We conclude that changes in taxonomic and functional 

composition are part of a species turnover process that maximizes functional diversity by 

replacing species when conditions change across an environmental gradient.  

Keywords: aridity, forest biomass, functional traits, National Forest Inventory, soil texture 

1. Introduction

The shrub layer plays an important role in forest structure, composition, and 

functioning, particularly in the Mediterranean climate where some shrub species can represent 

a substantial part of forest biomass (Navarro Cerrillo & Blanco Oyonarte 2006). Moreover, 
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shrubs can be more resilient to droughts and heatwaves (Shoshany & Karnibad 2015; Peñuelas 

& Sardans 2021) making the forest less vulnerable to these events. The shrub composition relies 

on the taxonomic and functional variability underlined by the biotic and abiotic constraints that 

may limit survival, growth, and reproduction (Doblas-Miranda et al. 2017; Peñuelas & Sardans 

2021). On the one hand, the expected increase in aridity according to climate predictions may 

lead to a reduction in vegetation cover and taxonomic and functional diversity, resulting in 

compositional shifts in shrub communities (de Oliveira et al. 2020; Berdugo et al. 2020; Salazar 

Zarzosa et al. 2021). Furthermore, aridity may alter soil processes, such as litter decomposition 

(Durán et al. 2018), and characteristics, such as pH or cation exchange capacity, that may reduce 

soil nutrient availability affecting species composition and plant functioning (Doblas-Miranda 

et al. 2017; Zhang et al. 2021). On the other hand, plant-plant interactions also play an important 

role to facilitate or compete for resources (Smit et al. 2007; Berdugo et al. 2018; Bastias et al. 

2020). High tree cover can have a negative effect on understory vegetation through water 

competition and shading (Rodríguez-Calcerrada et al. 2017). However, this effect is not obvious 

in certain ecosystems, like conifer and riverside forests (Smit et al. 2008; Halpern & Lutz 2013). 

Currently, the relative importance of these factors on shrub composition is not clear and the 

intensity or direction is unknown. It is necessary to understand the role of shrub vegetation and 

how it changes in response to aridity conditions together with other factors in order to fully 

comprehend the ecosystem resilience.  

One way to assess plant response to biotic and abiotic factors is through the analysis of 

their functional traits. Plant functional traits related with resource uptake strategies are sets of 

leaf, stem, and root characteristics tightly correlated together to describe the carbon investment 

and physiological activity in response to resource availability and biotic and abiotic factors 

(McGill et al. 2006; Díaz et al. 2016). At species level, functional traits can be used to assess 

the plant’ performance constraints associated with species distribution and their sensitivity to 

environmental stress (Wright et al. 2004). Functional traits can be weighted by the species 

relative abundance to quantify Community Weighted Means (CWM) and determine the effect 

of external factors on the functional composition of the community (Bricca et al. 2019). 

Together, functional traits of species and communities provide information at different 

ecological scales about species adaptation, functional composition, and community assemblage 

(Jung et al. 2010; Luo et al. 2016).    

Different species can coexist in the same community using different resource utilization 

strategies (based on different traits) to limit competition (niche complementarity hypothesis, 
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Tilman, 1999). Functional trait divergence may promote species coexistence by reducing 

interspecific competition and niche overlap (Bastias et al. , 2018, 2021; Mao et al., 2018), 

however, species would still have to share a common adaptive response to overcome both biotic 

and abiotic factors in the same community (Campetella et al. 2019). In parallel, the niche 

conservatism hypothesis suggests that taxonomically close species maintain similar trait values 

related to resource acquisition, which are expected to have similar function and niche in the 

ecosystem (Wiens & Graham 2005; Pavoine & Bonsall 2011). These traits seem to be heavily 

linked with the species identity, and it supports the idea that species tell more about traits than 

traits about species (Clark 2016). Therefore, analysing the changes in functional and taxonomic 

composition could explain the effect of both biotic and abiotic factors. 

Scaling up from local to regional levels can imply a change of environmental factors 

that may affect functional and phylogenetic diversity decomposed on 𝛼 (within communities) 

and 𝛽 (between communities; Ackerly and Cornwell, 2007; Villéger and Mouillot, 2008). A 

higher functional diversity within than among communities (i.e. 𝛼 > 𝛽) would suggest a high 

trait divergence and support niche differentiation and complementarity hypothesis, while the 

opposite (i.e. 𝛼 < 𝛽) would suggest a high trait convergence and support a habitat filtering 

process and conservatism hypothesis (Campetella et al. 2019). Alongside, a higher phylogenetic 

diversity within communities than among them would indicate that closely related species are 

less likely to coexist (Webb et al. 2002), while the opposite suggests a high phylogenetic 

relatedness within each community, and a high species turnover process when the conditions 

change between them (García-Valdés et al. 2020). Knowing how functional and phylogenetic 

diversity change across larger spatial and environmental scales, would provide useful 

information of how the shrub vegetation and its functionality are reshaped to adapt to abiotic 

conditions. We would expect functional and phylogenetic diversity to be higher among 

communities as a response to the abiotic factors such as aridity (Gross et al. 2013; Campetella 

et al. 2019). However, high local functional diversity has been suggested as a driver of 

community resilience to environmental change (Gazol & Camarero 2016).   

In this study we analyze the Mediterranean shrub vegetation composition and their 

diversity indices located within Quercus ilex forests across an aridity gradient in the Iberian 

Peninsula. These forests are an essential part of the Mediterranean landscape with an important 

economic and ecological good provision for society (Balzan et al. 2020). The main objective of 

this study was to assess the effect of biotic (forest structure) and abiotic factors (aridity and soil 

characteristics) on the shrub community assembly. These factors have a significant effect on 
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the functional composition of the community (de la Riva et al., 2016a), which can also translate 

into changes in taxonomic identity (Pavoine & Bonsall 2011). Specifically, we analyze the 

effect of aridity, soil texture and forest biomass on (1) the taxonomic and functional 

composition, and (2) the functional and phylogenetic diversity.  

2. Material and Methods

2.1. Study area

The 30 studied plots were localized in the Iberian Peninsula, with a Mediterranean 

climate characterized by wet springs and dry summers, which restricts growth and promotes 

plant strategies adapted to these climatic constraints (Flexas et al. 2014).  These plots were 

dominated by Q. ilex, which is the most abundant species in the Iberian Peninsula (Gil-Pelegrín 

& Peguero-Pina 2017). Although this species has shown great plasticity to the environment 

(Quero et al. 2008; Salazar Zarzosa et al. 2021), the biotic and abiotic conditions in which the 

holm oak is found throughout the peninsula have generated a wide gradient of environmental 

factors that affect the composition of the shrubby and herbaceous stratum (Castro et al. 1997). 

In continental or plateau places, with a predisposition for open spaces, heliophilous 

species appear, of smaller size and with sclerophylly. This is the case of species such as Thymus 

sp., Cistus sp., Asparagus sp., Lavandula sp., etc., or even of conifers (Juniperus sp.). On the 

other hand, in more peripheral or sublittoral places we can find species with a certain 

morphological convergence (larger size and height, greater leaf surface) such as Arbutus unedo, 

Olea europaea, Pistacia sp., Phyllirea sp, and Rhamnus sp., among others (Castro et al. 1997). 

2.2. Experimental design 

The plot locations were chosen based on the third Spanish National Forest Inventory 

(SFI, Villaescusa and Díaz, 1998) covering six contrasting climatic regions according to an 

aridity gradient (Fig. 1). Five plots were randomly chosen within each climatic region (creating 

a nested design) making a total of 30 plots. The accessibility and the euclidean distance among 

plots of each region (13.5 km on average) was considered to avoid pseudoreplication. We 

named each climatic region using the name of the province or region, from the South to the 

North of Spain: Cádiz, Sevilla, Córdoba, Toledo, Zamora, and Galicia. The total forest biomass 

of the plot was dominated by Q. ilex, between 60 and 100 % (mean 90 %, with a dominance of 

100 % in 18 plots). The plots had a relatively low tree density (266 ± 49 tree ha-1) and an average 
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tree basal diameter (22.6 ± 11 cm). Detailed information about tree density and tree basal 

diameter across the climatic regions is included in Table S1 (Supplementary Material). The 

mean annual temperature change between 10.9 and 17.4 °C and the annual precipitation ranges 

from 357 to 858 mm between the selected thirty plots.  

Figure 1. Spatial distribution of the 30 plots of Quercus ilex forest sampled across an environmental gradient of 

aridity in Spain. A blue layer indicates the Quercus ilex distribution area in the Iberian Peninsula (euforgen 

database https://www.euforgen.org/). Dot colour indicates average aridity index (higher values indicate high 

aridity).  

In each plot, three transects of 20 m long distance were established, and the shrub 

vegetation cover overlaid across the transects was recorded. Some species not considered as 

shrubs were included in the sampling process (such as Ruscus aculeatus, Asparagus acutifolius, 

Smilax aspera, among others) because they were part of the understory vegetation (Castro et al. 

1997). Relative abundance per species was calculated as percentage of shrub coverage within 

each transect (Campetella et al. 2019). Forest biomass (Mg ha-1; FB) was calculated as the 

aboveground biomass of trees per ha of each plot. This was estimated using the diameter at 

breast height (DBH) of the trees sampled during the third SFI and allometric equations from 

Montero et al. (2005). 

2.3. Functional trait measurements and functional and phylogenetic diversity 

Leaf and stem sampling from five individuals for all shrub species found across the 

transects was done in late spring and summer (May and September 2018), when the leaf 
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formation was completed. The samples were stored in wet paper in a portable refrigerator and 

transported back to the laboratory. The leaves were scanned without the petiole to calculate the 

leaf area (LA, cm2) using Image Pro software (Media Cybernetics, MD, USA). Leaf thickness 

(LT, μm) was measured on five leaves per sample using a micrometer (Electronic Digital 

Micrometer Comecta, Barcelona, Spain). Then, the leaves were dried on a stove (60 °C for two 

days) to calculate leaf dry mass. Leaf mass per area (LMA, g m−2) was calculated as dry mass 

(g) / leaf area (m2), leaf density (LD; g cm−3) was calculated as LMA / thickness, and leaf dry

matter content (LDMC; g g−1) was calculated as dry mass / fresh mass. 

Two stem samples of about 5 cm length were collected from each species. Stem fresh 

mass (g) was weighted and we calculated the stem volume using Archimedes´ principle (water 

volume displaced). The stem samples were dried at 60 °C for 4 days to obtain stem dry mass 

(g). Stem density (SD, g cm−3) was calculated as stem dry mass/stem volume, and stem dry 

matter content (SDMC) was calculated as stem dry mass/stem fresh mass. 

A phylogenetic tree was built using the names of the species and their classification in 

the National Center for Biotechnology Information (NCBI; Fig. S2, Supplementary Material). 

This was made using the packages “taxize”, “V.phyloMaker” and “phytools” (Revell 2012; Jin 

& Qian 2019). The package phylogeny was generated based on molecular data from GenBank 

and incorporated data from the Open Tree of Life project (Smith & Brown 2018). The 

phylogenetic relationships were built using 4 files, a mega-tree dataframe with tip information 

that contains the family and genus of each species, Two dataframes with information on the 

genus and family level nodes, and one dataframe with age information for each branch. If a 

species of a genus was distributed in more than one cluster, the function “nodes” find and return 

the most recent common ancestor of all tips in the largest cluster of the genus and define it as 

the basal node of the genus (Jin & Qian 2019). The tree was used for the Hierarchical Model of 

Species Communities (HMSC) model and the decomposition of the functional and taxonomic 

diversity.     

2.4. Abiotic factors: climatic and soil conditions 

Four random points in each plot were selected to take surface soil samples of 0-20 cm 

depth. The soil cores from the same plot were mixed in two independent samples, dried at room 

temperature, grounded, sieved (with a 2 mm filter), and stored in hermetic plastic bags. A 10 g 

subsample of soil was used to determine soil texture using the Robinson pipette method (Gee 

& Bauder 2018). Soil organic carbon was measured by the Walkley and Black (1934) method 
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with potassium dichromate. We determined available nutrients: P from a NaHCO3 0.5 M 

extraction (Olsen et al. 1982); Fe, Zn, Mn, and Cu after extraction with a solution containing 

0.1 M triethanolamine (TEA), 0.005 M diethylenetriaminepentaacetic acid (DTPA), and 0.01 

M CaCl2 (Norvell & Lindsay 1972); Na, Ca, K, and Mg by 1 M NH4OAc at pH 7. The soil 

properties are summarized in Table S2 (Supplementary Material). 

Mean annual temperature (MAT), mean annual precipitation (MAP), precipitation in 

the driest month (DMP) and the temperature in the driest month (DMT) were downloaded from 

the WorldClim 2.1 database (Hijmans et al. 2005). The modified Martonne aridity index was 

calculated as: AIm = {[MAP] / [MAT + 10]} + {[12 × DMP] / [DMT+10] / 2} (Stephen 2005). 

Since high AIm indicates high water availability, we modified this variable as: AI = 100 − AIm. 

The transformation of AI (100 − AIm) is the inverse of AIm, and therefore the correlation 

between them was completely linear without any effect on the results (Salazar et al. 2021). Due 

to the high correlation between MAT and aridity (r = 0.61; P = 0.0003), and MAP and aridity 

(r = - 0.66; P = 0.00008), we selected aridity for further analysis.  

To avoid multicollinearity among soil nutrient variables (11 variables), a principal 

component analysis (PCA) for all soil nutrients (S) was carried out (Fig. S2, Supplementary 

Material). The axis S1 was positively related to Ca and N concentration and explained 39.6% 

of the variance, while the axis S2 was positively related to P and Fe concentration and explained 

21% of the variance (Fig. S2, Supplementary material). Due to the high correlation between 

soil clay percentage (soil texture) and the S1 (r = 0.69; P = 0.00002), we decided to use only 

clay (%) as an indicator of soil characteristics and fertility. Ultimately, S2 axis had a high 

correlation with aridity (r = -0.58; P = 0.0007) and we discarded S2 from all subsequent 

analysis. 

2.5. Statistical analyses 

2.5.1. Taxonomic composition 

A Non-metric Multidimensional Scaling (NMDS) analysis was carried out to explore 

the differences in taxonomic composition based on the species abundance. We applied the 

“envfit” function from the vegan R-package to determine which species significantly (P < 0.05) 

contribute to the dissimilarities between plots (Oksanen et al. 2019). Then, we used a canonical 

correspondence analysis (CCA) to explore the effects of aridity, soil texture, and forest biomass 

on the taxonomic composition (Dixon 2003). 
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2.5.2. Functional composition 

To quantify the relative importance of biotic and abiotic variables on the shrub 

functional composition we used a Hierarchical Model of Species Communities (HMSC) using 

the package “HMSC” (Tikhonov et al. 2020). HMSC provides a quantitative analysis of the 

effect of external factors (forest biomass, aridity and soil texture) on each species' abundance 

considering their functional traits, phylogeny and the nested structure of the experimental 

design. Due to the correlation between LMA and leaf thickness (r = 0.77 p <0.0001) and SDMC 

(r = 0.31; p = 0.04), we decided to include only LMA and SD to represent the leaf and stem 

traits, respectively, and avoid overparameterization of the model. The LMA has shown to be a 

good indicator of physiological activity and plant adaptation (Wright et al. 2004), particularly 

in Mediterranean forest (de la Riva et al., 2016b). Similarly, the SD has been recognized as a 

key trait due to its role for mechanical support, water transport, and storage capacity of wood 

tissue (Chave et al., 2009; de la Riva et al., 2016c). The model uses a Bayesian framework to 

calculate the parameters of the fixed effects (forest biomass, aridity and soil texture), the 

covariates (functional traits and phylogenetic composition), the random effects (the nested 

designs of plots within each climatic region), and the residual variation (Tikhonov et al. 2020). 

To make the default priors generally applicable, HMSC scales both traits and explanatory 

variables to have zero mean and variance one. These are back transformed after the fit. The 

posterior distribution of the parameters is calculated using a Markov chain Monte Carlo 

(MCMC) algorithm with 50000 iterations in the burning period, 1000 thinning intervals, and

1000 samples (1 million interations). To check the MCMC convergence, the effective number 

of samples and the Gelman-Rubin convergence diagnostic were calculated (Tikhonov et al. 

2020; Margossian et al. 2021). 

2.5.3. Functional and phylogenetic diversity 

The functional and phylogenetic diversity were computed with the Rao function using 

the functional traits (LMA, LD, LA, SD, and SDMC) and the phylogenetic tree (Villéger & 

Mouillot 2008). The Rao's quadratic entropy is computed from the uncorrected species-species 

matrix and it is conceptually similar to functional dispersion. However, the Rao functions 

allows for the calculation of both phylogenetic and functional diversity under the same function 

and the decomposition into ⍺, 𝛽 and γ diversity (within, between, and total diversity, 

respectively). The Ricotta correction on the Hardy and Senterre calculation weights each site, 
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and it is proportional to its relative abundance over sites (Ricotta 2005; Hardy & Senterre 2007). 

This eliminates the possibility of negative 𝛽 diversity that is not interpretable. The percentage 

of the ⍺ and 𝛽 diversity was calculated based on the total Gamma diversity (⍺ + 𝛽). Lastly, we 

determine the effect of each independent factor (forest biomass, aridity, and soil texture) on the 

phylogenetic and functional 𝛽 diversity. To do so we analyzed if the pairwise distance matrix 

between plots was explained by each effect through the adonis function which works as a 

generalized linear model for matrix data.  

Data analysis was carried out using the R statistical computing software (version 4.1.2 

“Bird Hippie”; R Core Team, 2021). The tidyverse package was used for data manipulation and 

graphic display (Wickham et al. 2019). Spatial representation of the SFI plots was done with 

the package “sf” and “sp” (Pebesma 2018). Map generation was done with the package “tmap” 

(Tennekes 2018). Worldclim data was downloaded and extracted with the package “raster” 

(Hijmans et al. 2005). The NMDS, CCA, and adonis analysis was made using the vegan 

package (Dixon 2003). 

3. Results

We found 44 shrub species across the gradient. On average, the species richness per plot 

was 5 ± 2.5 (mean ± SD). One plot in Cordoba held only one species, and one plot in Galicia 

held 14 species. The most abundant species were Quercus ilex (as shrub, with very low height), 

Cistus albidus, and Erica arborea, whereas the least were Dasiphora fruticosa, Phillyrea 

latifolia, and Helichrysum italicum.  The mean LMA was 124 g m-2, ranging from 47 (Ulmus 

minor) to 337 g m-2 (Cytisus scoparius). The mean SD was 1.1 g cm-3, ranging from 0.75 

(Origanum vulgare) to 1.23 g cm-3 (Olea europaea). The mean forest biomass was 36.8 Mg ha-

1, ranging from 8.6 to 73.1 Mg ha-1. 

3.1. Changes in taxonomic and functional composition are mediated by abiotic factors 

The differences in taxonomic composition between plots are driven only by 10 out of 

the 44 species (P < 0.1 according to NMDS results). These species were: Pistacia lentiscus L., 

Phlomis purpurea L., Cistus albidus L., Cistus monspeliensis L., Lavandula stoechas L., Cistus 

ladanifer L., Halimium ocymoides (Lam) Willk, Erica arborea L., Ruscus aculeatus L., and 

Hedera helix L. (Table S3, Supplementary material). Interestingly, these species respond to 

both aridity and clay across the first axis of the CCA, as well as most of the species found (Fig. 
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2). Predominant species in the less arid areas (i.e. Hedera helix and Ruscus aculeatus in Galicia 

and Zamora) responded negatively to aridity and positively to clay percentage, while 

predominant species in more arid areas (i.e. Cistus monspeliensis and Lavandula stoechas in 

Cadiz and Cordoba) showed the opposite pattern (Fig. 2). The constrained inertia of the CCA 

explained 17 % of the total variance. The accumulated constrained eigenvalues associated to 

the first axis and second explained 46% and 35%, respectively. Both aridity and clay percentage 

were highly correlated with both axes.  

Based on the HMSC, aridity had the highest effect on each species' abundance (based 

on the number of species affected), while forest biomass showed the least (Fig. 3). Around a 

third of the shrub species' abundance had a significant response to aridity (i.e. 14 of 44 species, 

four positive and 10 negative relationships between species abundance and aridity as shown 

with red and blue colours in Fig. 3). Clay percentage was also an important factor on species 

abundance, with 10 out of 44 species with significant response (five with a positive and five 

with a negative response, Fig. 3). However, forest biomass had significantly and negatively 

affected only four species.  

The HMSC also showed the relationships of the mean estimate of the model parameters 

with the functional traits. According to this, species with higher LMA tend to increase its 

abundance in more arid conditions (Fig. 4a). Therefore, LMACWM was positively affected by 

aridity (Fig. 4b). Also, LMACWM was negatively affected by clay percentage (Fig. 4c). Forest 

biomass also showed an effect on LMA but lower than aridity (Fig. 4a). This, however, did not 

show that LMACWM was affected by forest biomass significantly (Fig. 4d).   
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Figure 2. Canonical Correspondence Analysis (CCA) of the shrub species composition and abundance showing 

the effects of aridity, clay percentage and tree biomass (arrows) on the shrub species ordination. The three 

explanatory variables display 17% of the inertia in the species abundance. The eigenvalues of axis 1 and axis 2 

were 0.71 and 0.55, respectively. Species relative abundance is represented based on the proximity of the species 

label to each plot. Species that had significant differences between plots in the NMDS analysis are shown in red, 

and the rest of species is shown in grey.  

55



Capítulo 3. Mediterranean shrub assemblage is driven by abiotic factors rather than forest 

structure in holm oak forests 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Figure 3. Effect of aridity, clay percentage and forest biomass on the species abundance according to the 

Hierarchical Model of Species Compositions (HMSC). Blue and red colours indicate positive and negative 

parameters, respectively, with at least 0.90 confidence interval. 

Figure 4. Relationship between the functional traits and the model coefficients for aridity, clay percentage and 

forest biomass at species level (a). Blue and red colours indicate positive and negative relationships, respectively. 

Predicted effect of Aridity (b), Clay percentage (c) and forest biomass (d) on the CWM LMA.   
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4. Effect of biotic and abiotic factors on functional and phylogenetic diversity

The partitioning of functional and phylogenetic diversity in ⍺ (within plots) and 𝛽 

(among plots) diversity showed contrasting results (Fig. 5). ⍺ functional diversity was higher 

than 𝛽 functional diversity, whereas for phylogenetic diversity the opposite pattern was 

observed. To see this in detail, we plotted the LMA and SD of the ten species responsible for 

the change in taxonomic composition (Fig 6). This showed that even for the species that mainly 

contribute to the high phylogenetic diversity between plots, the functional diversity was mostly 

the same between them.  

Figure 5. Proportion of alpha and beta diversity based on the total gamma diversity for functional (FD) and 

phylogenetic (PD) diversity.  

Figure 6. Leaf mass per area (LMA) and stem density (SD) functional variability for the ten species that 

significantly change taxonomic composition across the gradient. The data was grouped by climatic region and 

ordered at increasing aridity from left to right. The species legend (from left to right) includes Cistus albidus, C. 

monspeliensis, Hedera helix, Lavandula stoechas, Phlomis purpurea, C. ladanifer, Erica arborea, Halimium 

ocymoides, Pistacia lentiscus and Ruscus aculeatus.  

The results from the adonis analysis indicated that clay percentage had a significant 

effect on both functional and phylogenetic diversity between plots, while aridity only had a 

significant effect on phylogenetic diversity (Table 1). 
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Table 1. Adonis analysis of alpha functional and phylogenetic diversity affected by aridity (AI), clay percentage, 

and forest biomass.  

Functional diversity Phylogenetic diversity 

R2 P R2 P 

Aridity 0.04 0.29 0.11 0.001 

Clay percentage 0.19 0.02 0.12 0.001 

Forest biomass 0.03 0.33 0.02 0.64 

5. Discussion

Our results showed that biotic and abiotic factors are related to changes in taxonomic 

and functional composition. Mainly aridity and clay percentage affect species presence and 

abundance among plots, but not forest structure (biomass).  Increasing the abundance of some 

species with aridity was tightly linked to an increase in LMA at species and community level. 

Ultimately, the diversity decomposition (⍺ and 𝛽 diversity) showed a higher trait divergence 

and phylogenetic relatedness among plots than between them.  

5.1. Changes in taxonomic and functional composition due to biotic and abiotic factors 

Across the aridity gradient, the species abundance aligned across the aridity and clay 

percentage axes suggesting that differences in abiotic conditions were responsible for the 

species turnover process. Similar studies have found that dry conditions can lead to a reduced 

shrub community and changes in community composition (Cuesta et al., 2017; de la Riva et al., 

2016a; Peñuelas et al., 2007). These taxonomic differences go in line with changes in functional 

composition. The relationship of each estimated aridity parameter with the species LMA can 

be interpreted as a functional adaptation required to deal with environmental changes. Thus, 

when a species' abundance increases with aridity, the LMA increases as well. Changes in leaf 

morphology at species level as a response to drought or aridity has been found (Wright et al. 

2004; Yang et al. 2021), and supports the existence of a large coordination of plant traits to 

adjust mechanical investments according to resource availability and stress factor (de la Riva 

et al., 2016c). In our case, it suggests the idea that leaves become thicker or denser to avoid 

wilt, and this adaptation allows them to increase their species abundance (Poorter et al. 2009). 
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For instance, we found that in holm oak forests shrub species such as Hedera helix or Ruscus 

aculeatus (with low LMA and SDMC) are replaced by several species of Cistus sp. (with high 

LMA and SDMC) when aridity increases. Thus, species replacement along aridity could be 

determined by drought tolerant species taken over shade tolerant species. The incompatibility 

between drought and shade tolerance have been highly documented and it suggested the 

existence of a shade-drought spectrum involving morphological and physiological trait 

adaptation (Niinemets & Valladares 2006; Rueda et al. 2017). Adaptive traits associated with 

water retention in the roots and water use efficiency allow Cistus sp. to survive in aridity 

conditions and even show a significant increase in species abundance across the gradient 

(Peñuelas & Sardans 2021). Similarly, the predicted model of HSMC shows that LMACWM 

increases with aridity, and together, explain how species and communities respond to external 

factors (Domínguez et al. 2012; Campetella et al. 2019). Therefore, in our study, aridity is the 

main environmental force exerting habitat filtering effect that increases LMA through changes 

in the species traits and species turnover process (de la Riva et al., 2016c).  

Similar to aridity, soil texture also plays an important role in the taxonomic and 

functional composition. Pistacia lentiscus and Phlomis purpurea are replaced by Lavandula 

stoechas and Cistus monspeliensis when clay percentage decreases. All these species are 

notorious for their capacity to grow under water stress (Armas & Pugnaire Francisco 2009; 

Álvarez et al. 2012). However, probably the main factors that allow these replacements are: (1) 

the fire-prone regeneration of L. stoechas and Cistus spp. which benefit them after wildfires in 

the mediterranean basin and change nutrient concentration along the way (Moreira et al. 2012). 

(2) Their preferences for sunny and open spaces where soil texture usually lose small particles

such as clay (Benadjaoud et al. 2022), (3) their ability to grow in harsh contaminated soils by 

heavy metals which adsorption can change with soil texture (Arenas-Lago et al. 2018). Thus, 

species turnover processes can be the result of changes in soil properties and local factors 

(Gibson et al. 2017; de Oliveira et al. 2020). Functionally, our results show that the positive 

effect of clay percentage on species abundance was accompanied by a decrease in LMA. High 

clay percentage can reduce leaching, increase water retention and nutrient availability (Austin 

et al. 2004; Kome et al. 2019). Thus, it should be expected that in some species an increase in 

abundance due to improved growing conditions is also related to shifts in leaf morphology from 

a slow to a fast resource acquisition strategy (Poorter et al. 2009). Alternatively, some species, 

shrubs in particular, seem to benefit from a low clay texture. Despite the decrease in water 

retention or nutrient availability, clayey soils can reduce soil nutrient transport and soil matric 
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potential in arid climates (Sanaei et al. 2019). According to the inverse-texture hypothesis, this 

could change plant growth and survival because the soil texture limits the plant nutrient 

absorption (Fernandez-Illescas et al. 2001). Similar results have shown this in Mediterranean 

shrubs, and trees (Clemente et al. 2005; Salazar Zarzosa et al. 2021). Therefore, changes in soil 

clay percentage clearly plays a role in taxonomic and functional composition.   

Forest biomass did not seem to affect taxonomic or functional composition in a 

significant way despite forest cover limits light interception and resources uptake (Peñuelas & 

Sardans 2021). However, on the opposite, forest biomass allows to maintain soil quality and 

avoid leaching and degradation, and thus, enhancing water availability, which is a key limiting 

factor of Mediterranean vegetation (de la Riva et al., 2016c, 2018). Therefore, forest biomass 

also promotes environmental heterogeneity, which may lead not only to competition, but also 

to facilitation and diversification processes between over and understory vegetation 

simultaneously (Bastias et al., 2020, 2021; de la Riva et al., 2018). Studies made with Pinus 

halepensis shows that the Mediterranean shrub vegetation may be negatively affected or non-

affected by the forest cover (Maestre et al. 2003; Bellot et al. 2004). Even though four species 

were negatively affected by forest biomass, this might not be high enough to reshape the 

taxonomic composition of Mediterranean shrub communities.  

5.2. Local and regional differences in functional and phylogenetic shrub diversity 

Functional and phylogenetic diversity show very contrasting results, suggesting that a 

high phylogenetic relatedness does not have to be related with a similar functional response. 

The higher functional diversity within plots than among them reflects the coexistence of 

different functional strategies to reduce resource competition and follows the niche 

complementarity hypothesis (Le Bagousse-Pinguet et al. 2017; Wang et al. 2018). 

Simultaneously, the lower phylogenetic diversity within plots than among them suggest there 

is a high species turnover process when the conditions change between them (García-Valdés et 

al. 2020). This species turnover process changes species identities between communities, 

increasing phylogenetic diversity among communities while keeping functional diversity 

within them relatively high (Campetella et al. 2019). 

This could be seen as a contradictory finding because the change in species composition 

among communities should be related to changes in functional composition in response to biotic 

or abiotic changes. However, Mediterranean ecosystems usually present a high phylogenetic 𝛽 
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diversity as a result of a temporally variable environment (Martin and Ferrer, 2015), which is 

related to a high functional ⍺ diversity (de la Riva et al., 2016a; Bergholz et al., 2017; Chiarucci 

et al. 2018). As a result, the species turnover process explains the high (𝛽> ⍺) phylogenetic 

diversity due to the large regional species pool available, whereas the high intra-habitat 

heterogeneity provides the conditions for a high (⍺ > 𝛽) functional diversity where different 

functional strategies coexist. 

It is important to note that, despite the relatively low functional diversity among 

communities, our results showed there is a functional response both at species level and at 

community level (based in the HMSC results). Therefore, even if the functional diversity within 

communities is higher, there is a functional variability responding directly to abiotic and biotic 

factors. In fact, aridity conditions and soil texture explained both functional and phylogenetic 

diversity between communities, respectively. Thus, confirming that abiotic factors were 

conditioning the species identity in the plots and their functional traits (Cornwell & Ackerly 

2009; de Oliveira et al. 2020). Some studies have shown that aridity promotes trait convergence 

and niche filtering between communities, suggesting increasing aridity conditions can 

transform them through loss of drought-sensitive species (Le Bagousse-Pinguet et al. 2017; 

Pérez-Navarro et al. 2021).  

6. Conclusions

The oak Mediterranean shrub assembly is characterized by changes in taxonomic and 

functional composition driven by changes in aridity and soil characteristics. These changes 

resulted in a species turnover process that replaced species to take over a functional niche and 

maximize functional diversity within communities.  
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Supplementary material 

Table S1. Main forest characteristics of the 30 studied plots 

Site 

Tree Density (Tree ha-1) Basal Diameter (cm) 

mean min max mean min max 

Cádiz 95,0 34,5 219,3 37,2 10,8 65,6 

Córdoba 230,7 70,7 516,4 28,6 8,2 55,7 

Galicia 340,9 31,8 1273,2 16,7 7,6 27,5 

Sevilla 146,5 79,4 206,3 32,5 9,3 82,8 

Toledo 301,2 102,1 732,1 21,6 8,5 52,8 

Zamora 275,5 88,4 742,7 21,6 8,5 48,2 
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Figure S1. Phylogenetic tree of the shrub species found in the 30 plots. 
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Figure S2. Principal component analysis of soil nutrients (From Salazar et al., 2021) 
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Abstract 

The functional traits allow us to understand the adaptive strategies that the species develop in 

the face of limiting biotic and abiotic factors, among which aridity seems to gain strength in the 

face of a climate change scenario where a reduction in rainfall and an increase in temperatures 

are expected. High values of wood density (WD) or leaf mass/area ratio (LMA) may indicate 

conservative strategies avoiding water stress as a consequence of aridity (reduction of leaf 

transpiration and xylem cavitation). These strategies may affect tree growth (RGR, relative 

growth rate) and forest productivity. Our study hypothesized that changes in the functional traits 

with an aridity gradient will negatively affect the RGR and forest productivity of Mediterranean 

forests. For that we selected 4 representative forest species of the Mediterranean climate (P. 

halepensis, P. pinaster, Q. faginea and Q. ilex) along an aridity and edaphic gradient in 80 SNFI 

(Spanish Forest Inventory) plots throughout the Iberian Peninsula. Leaf and wood functional 

traits and RGR for at least five individuals per plot were measured together with the forest 

biomass and productivity for each plot. The results showed a general coordination between leaf 

and wood traits. In addition, the functional traits showed a response to aridity and edaphic 

components, with a general negative effect in the case of clay content with LMA, LD and WD. 

The RGR showed a negative relationship with tree biomass, however aridity and functional 

traits seemed to be irrelevant.  Forest biomass (FB) and forest productivity were positively 

related to mean tree biomass (TB) and clay content. Also, forest productivity (FP) was 

positively affected by RGR, forest density (TD) and soil factors in general, aridity did not affect 

the FB and FP models. 

Keywords: clay content, leaf density, National Forest Inventory, RGR, wood density 
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1. Introduction

The ecological success of forest species, especially Mediterranean ones, depends to a 

large extent on the phenological, physiological and structural strategy that it presents to adapt 

to changing environmental factors, mainly temperature and precipitation (Valencia, 2016; 

Marañón et al., 2020). These strategies are based on the so-called functional traits, which are 

characteristics that affect the ability of a species to survive, grow and reproduce in its 

environment (Violle et al., 2007). The functional traits respond by integrating the different parts 

of the plant (Marañón et al., 2020). Thus, in the face of biotic and abiotic stress, the coordination 

between wood, leaves and roots traits establishes a plant economic spectrum, having in one 

extreme adquisitive species showing high LMA (leaf mass per area) and low tissue density 

related to high relative growth rate (RGR) and in the other extreme with conservative species 

showing the opposite traits (Wright et al., 2004; Reich, 2014; Fontana et al., 2017). These 

strategies affect the properties and functioning of the communities and the ecosystems (Violle 

et al., 2007, Valencia, 2016). 

At the species level, functional traits such as leaf area or plant size allow us to 

understand the sensitivity and plasticity of plants to abiotic factors such as temperature or 

precipitation (Valencia, 2016). At the community level, the variability of functional traits 

facilitates the coexistence of species, optimizing the use of resources and limiting competition 

(Valencia, 2016), even in monospecific communities where interspecific variation is even lower 

(Escudero et al., 2021). At the ecosystem level, functional traits may affect relevant functions 

as biomass production, soil fertility and the water cycle among other ecosystem services 

(Lavorel et al., 2013, Salazar et al., 2021). For all these reasons, it is necessary to study how 

these traits can be affected by biotic and abiotic factors (Salgado-Negret, 2015; de la Riva et 

al., 2016).  

In plants there are a large number of easy-to-measure characteristics that can be taken 

as functional traits, making it possible to compare and relate the effect of abiotic factors on the 

development of species and their role in the environment (Violle et al., 2007). In this sense, the 

LMA (Leaf Mass Area) or the WD (Wood Density) have become universal traits thanks to an 

easy and fast obtaining (Pérez-Harguindeguy et al., 2013; Villar et al., 2008). Thus, the LMA 

or the variation of the thickness and density of the leaf, is a key trait in plant growth (Poorter et 

al., 2009; Sterck et al., 2011) and an important indicator of the adaptive strategies of plants 

(Grime, 2001; Westoby et al. 2002). Species with higher LMA tend to grow more slowly (less 
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productive) than species with lower LMA, however they show greater longevity (Villar et al., 

2008). In Mediterranean environments, species with a high LMA show greater tolerance to 

drought and aridity, having a greater capacity to avoid water loss through transpiration (Wright 

et al. 2004; Quero et al., 2008, 2011). LMA is also negatively related to photosynthesis, 

respiration rate, nitrogen and phosphorus concentrations in the leaf (Chaves et al., 2002; Wright 

et al. 2004). On the other hand, the density of the wood (WD) is related to the capacity of the 

xylem to avoid cavitation caused by transpiration problems in environments with a high vapor 

pressure deficit (Hacke et al., 2001; Chave, 2005). Species in unproductive conditions reflect 

conservative strategies where leaf and stem respond in a coordinated way with high LMA and 

WD values (thicker leaf, dense woods, with low nutrient concentration and photosynthesis rate) 

(Anderegg et al., 2020). While generally more favorable habitats facilitate acquisitive strategies 

showing lower LMA and WD (thin leaves, with high surface area with low C/N ratio and less 

dense woods) when compared to the most limiting environments (Muller-Landau, 2004). 

In this sense, there is an effort to relate these functional strategies with the growth and 

primary productivity of plants (Reich, 2014). Although functional traits have been related to 

growth with RGR (Relative Growth Rate) (Antunez et al., 2001; Sterck et al., 2011) or the BAI 

(Basal Area Increment, Rosas et al., 2021), there are studies showing that this relationship does 

not seem be so simple or direct (Rosas et al., 2021; Salazar et al., 2021) requiring a more in-

depth and coordinated analysis of the trait-growth relationship and the environmental factors 

that may affect them. Furthermore, most studies based on functional traits have focused on the 

interspecific variability by analyzing the response of different species to environmental factors 

(Albert et al., 2010). However, it is known that functional traits also show intraspecific 

variability against different combinations of biotic and abiotic factors (Le Bagousse-Pinguet et 

al., 2015). 

The functional strategy and growth of both populations and communities may be 

affected by abiotic factors such as radiation, temperature, humidity, soil texture, soil fertility 

and topography (Martínez-Vilalta et al., 2010; Salazar et al., 2021) or biotic factors such as 

genetics, canopy, abundance or density (Villar et al., 2017). The physical and chemical 

properties of the soil have been related to a large number of functional traits, finding negative 

relationships between fertility and clay content (texture) with LMA and WD values (Sterck et 

al., 2008; Chaturvendi et al., 2018) favoring the acquisition strategy. However, this relationship 

between soil fertility and functional traits may not hold; depending on multiple factors such as 
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growth strategy, climate, the competition for resources or the state of maturity, etc. The 

relationship between nutrients and traits such as LMA or WD can become positive (Lusk et 

al.,2018; Chua and Potts, 2018) contrary to the hypothesis of the economic functional spectrum. 

A similar situation has been described in the relationship between soil clay content and 

functional traits such as LMA and WD, which a priori should be negative (Chaturvedi et al., 

2018). In situations of high water stress, soils with high concentrations of clay (and nutrients) 

can osmotically press the roots of plants, removing water from them in what is known as inverse 

hypothesis of texture (Fernandez-Illescas et al., 2001), showing a positive relationship between 

clay content and LMA or the WD (Salazar et al., 2021). Climatic factors such as aridity seem 

to exert a positive relationship with LMA and WD as a strategy limiting foliar transpiration and 

xylem cavitation (Anderegg et al., 2020). However, other studies have shown no effect of 

climate factors such as aridity on functional traits due to a high intraspecific trait variability 

adopted as a strategy against climatic stress (Martínez-Vilalta et al., 2010). Thus, it is still 

uncertain how the interaction of all these factors can affect the functional strategy and its 

relationship with the growth of the trees at the intra and interspecific level (Muller-Landau, 

2004; Martínez-Vilalta et al., 2010). In addition, the projected increase in temperatures and 

reduction in rainfall for the Iberian Peninsula in the coming decades (Valladares et al., 2014; 

Herraiz et al., 2023) makes relevant the study of the effect of aridity on functional traits and its 

impact on tree growth and forest productivity. In this sense, intra- and interspecific differences 

need to be further studied to understand how the environment can affect the trait-growth 

relationship (Sterck et al., 2011; Rosas et al., 2021), and the relationship between RGR and 

forest productivity (Chave et al., 2009; Martínez-Vilalta et al., 2010; Chaturvendi et al., 2011). 

As an objective of this study, we hypothesize that forest productivity (kg ha-1 year-1) 

depends on the RGR of the tree (g kg-1 year-1), the latter being dependent on functional traits 

and abiotic and biotic factors. To carry out the work, 80 plots of the Spanish Forest Inventory 

(SFNI) were selected, consulted and visited throughout Spain. We selected plots where some 

of these four species were dominant: two species of Quercus (Q. ilex L. subsp. ballota and Q. 

faginea) and two species of Pinus (P. halepensis Mill. and P. pinaster Ait:). Plots were visited 

and soil, leaves and stems were sampled in SNFI plots. The specific objectives were: (1) to 

determine at intra and interspecific level the effect of abiotic factors (aridity, soil) on functional 

traits, (2) to determine at intra and interspecific level the effect of abiotic factors (aridity, soil), 

leaf and wood functional traits and tree biomass on the tree relative growth rate (RGR), and (3) 

determine at the inter and intraspecific level the effect of abiotic factors  (aridity, soil), biotic 
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factors (forest density, average tree biomass, averaged functional traits and average RGR) on 

the forest biomass (FB) and forest productivity (FP) of the plot. 

2. Material and Methods

2.1. Study species 

The Iberian Peninsula is characterized by evergreen sclerophyllous, semideciduous 

malacophyllous, and grassland species. Most of the forest landscape in Spain is composed of 

cleared oak forest of Quercus ilex or Q. suber, constituting the so-called “dehesas” (Gil-

Pelegrín and Peguero-Pina, 2017) and extensive stands of highly dense conifers (P. halepensis 

and P. pinaster) consequence of the reforestation policies of the beginning of the last century 

(Vadell and Pemán, 2006). Fluctuating conditions with wet springs and dry summers dominate 

the Mediterranean climate, which restricts plant growth and forest production (Flexas et al., 

2014). We studied forest of four species: Quercus faginea (deciduous species) and three 

evergreens, Pinus halepensis, Pinus pinaster Ait. and Quercus ilex subsp. ballota (hereafter Q. 

ilex). P. halepensis and Q. ilex are evergreen-sclerophyllous and drought-resistant species, 

which are extensively distributed throughout the Mediterranean basin (Caudullo et al., 2017; 

Herraiz et al., 2023). These evergreen species are shade-tolerant, characterized by an 

anisohydric gradient (Sterck et al., 2008; Andivia et al., 2019) and the leaf lifespan ranges from 

2 to 3 years (Gratani et al., 2000).  

2.2. Spanish Forest Inventory and experimental design 

The Spanish Forest Inventory (SNFI) is a nationwide program that establishes 50 m 

diameter plots in forested areas of Spain each km2. In the SNFI plots were measured adult trees 

[i.e. those with DBH (diameter at breast height) greater or equal to 7.5 cm and height greater or 

equal to 1.30 m] using a variable radius sampling protocol (Alberdi, 2005). Thus, trees were 

measured in 5, 10, 15, 20 and 25 m radius subplots if the DBH was lower than 7.5, 12.5, 22.5 

and 42.5 cm, respectively. Trees in the 20-25 m radius subplot were only measured if the DBH 

was higher than 42.5 cm. For each tree measured it includes the DBH, tree height and taxonomy. 

We randomly selected around 12-15 SNFI plots for each of the four species (Q. ilex, Q. faginea, 

P. halepensis and P. pinaster) where the percentage abundance was higher than 90%  for each

forest species (in terms of biomass). These plots were selected to include a range of aridity (see 

below). Plots were also selected inside of the following protected areas: Natural Park of Sierra 

de Cardeña y Montoro Hornachuelos (Córdoba, Andalucía), Sierra de Escalona (Alicante, 
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Comunidad Valenciana), Sierra Norte de Guadalajara (Guadalajara, Castilla La Mancha) Izqui 

(Álava, País Vasco), Urdaibai (Vizcaya, País Vasco), Sierra de Grazalema (Cádiz, Andalucía), 

Sierra de las Nieves and (Málaga, Andalucía), Sierra Nevada (Granada, Andalucía). Sierra de 

Tejeda, Almijara y Alhama (Málaga, Andalucía) and Sierras de Cazorla, Segura y las Villas 

(Jaén, Andalucía). 

 The distance between plots of each region was considered to avoid pseudoreplication. 

The mean annual temperature varies between 9.4 and 17.6 °C and the annual precipitation varies 

from 310 to 1582 mm. More details about the selected plots can be found in Table 1 and Fig. 

1.  

Figure 1. Plots localization of the four forest species along the aridity gradient. 

Table 1. Summary of the characteristics of the selected plots of the four forest species (mean ± SD). FB (Forest 

Biomass, Mg ha-1) and FP (Forest Productivity, Mg ha-1 year-1), TB (Tree biomass, kg tree-1), TD (Tree Density, 

trees ha-1), Mean Annual Precipitation (MAP, mm), Mean Annual Temperature (MAT,ºC), N: number of plots. 

Species N MAP  MAT  Aridity TB FB TD FP 

P. 

halepensis 
18 469,11±139,91 15,15±1,81 195,39±11,44 178,74±136,76 39,45±22,79 412,58±231,67 1,24±0,68 

P. pinaster 14 625,07±299,45 13,15±1,75 155,28±62,42 449,53±211,48 84,88±47,86 286,13±174,75 2,48±1,79 

Q. faginea 12 633,5±149,71 12,94±2,35 163,99±30,05 309,58±340,34 94,91±100,9 500,02±407,45 1,37±0,8 

Q. ilex 36 748,64±312,83 14,4±1,57 159,45±44,51 628,93±704,45 49,46±39,53 213,87±251,58 2,07±1,62 

Using the DBH data from the third Spanish National Forest Inventory (2007, SNFI3) 

we calculated tree biomass (kg tree−1) through the allometric equations from Montero et al.
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(2005). For each plot, the forest biomass (FB, Mg ha−1) was calculated as the sum of the

individual tree biomass considering the subplot where the tree belongs (i.e. 5, 10, 15, and 25 m 

radius subplots) (Ruiz-Benito et al., 2014). Similarly, we calculated tree density of each plot 

(TD, trees ha-1) as the sum of tree density (number of trees ha−1) of each radius subplots. In

2022, we remeasured the DBH of all trees in each selected plot to calculate tree biomass 

increment and forest productivity in the last fifteen years (2007–2022 period). We calculated 

the tree relative growth rate (RGR = [Ln (B2) − Ln (B1)] / [t2 − t1], where B is tree biomass 

and t is time, with 2 and 1 referring to our last sampling data and SNFI3 data, respectively). 

RGR is a standardized measure of growth with the benefit of avoiding, as far as possible, the 

inherent differences in scale among trees of different size, thus their performances can be 

compared on an equitable basis (Sterck et al., 2011; Villar et al., 2017). Forest productivity (FP, 

Mg ha−1 year−1) was calculated as the difference of forest biomass between our sampling data 

and SNFI3 for trees alive in both consecutive inventories divided by the period between surveys 

with a yearly resolution. 

2.3. Functional traits measurements 

Leaf and branch material collection was done in late spring and summer, between March 

and October 2022, when the leaf formation was completed. In each plot, five trees of each 

species were sampled taking two branches and some fully mature one-year-old leaves per 

individual giving rise to 5 replicates. The samples were conservated in a damp paper in a 

portable refrigerator until arrival at the laboratory. The methodological protocol followed meets 

the recommendations of Pérez-Harguindeguy et al. (2013) where all the stages for obtaining 

and analyzing functional traits are described. A subsample of leaves (excluding petiole) was 

scanned and the leaf area (LA) was measured using Image Pro software (Media Cybernetics, 

MD, USA). Then, we measured the leaf thickness (LT) in five leaves using a digital micrometer 

(Electronic Digital Micrometer Comecta, Barcelona, Spain). Subsequently, the leaves were 

dried on a stove (60 °C for two days) to calculate leaf dry mass. Leaf mass area (LMA, g m−2) 

was calculated as dry mass (g) / leaf area (m2), and leaf density (LD; g cm−3) as LMA (g m−2)/ 

thickness (μm).  

For the stems, we took out the bark and we weighed them to calculate the stem fresh 

mass (in g) and we calculated the stem volume using Archimedes´ principle (displaced volume 

of water). Stem samples were dried at 60 °C for 4 days to obtain wood dry mass . Wood density 
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(WD, g cm−3) was calculated as wood dry mass/volume, and wood dry matter content (WDMC)

was calculated as wood dry mass/wood fresh mass.  

2.4. Abiotic factors 

In each plot, four random points were selected and soil samples were taken at 0–20 cm 

depth. The soil cores obtained were mixed in two independent samples which were dried at 

room temperature, ground, sieved (at 2 mm), and stored in plastic closed bags. Soil texture was 

determined in 10 g of soil using the Bouyoucos method (Duchaoufur, 1975). Soil organic 

carbon was measured by the Walkley and Black (1934) method with potassium dichromate. 

After a partial extraction of available soil nutrients, we measured soil macronutrients (Ca, and 

Mg) and micronutrients (Fe, Mn, Cu, and Zn). Ca, and Mg, soil samples were extracted by 1 M 

NH4OAc at pH 7. Fe, Zn, Mn, and Cu were determined after extraction with a solution 

containing 0.1 M triethanolamine (TEA), 0.005 M diethylenetriaminepentaacetic acid (DTPA), 

and 0.01 M CaCl2 (Norvell and Lindsay, 1972). Fe, Mn, Cu, Zn, Ca and Mg were determined 

by atomic absorption spectrophotometry.   

Moreover, mean annual temperature (MAT) and precipitation data (MAP) were 

downloaded from the WorldClim 2.1 database (Hijmans et al., 2005). Additionally, we 

downloaded the precipitation in the driest month (DMP) and the temperature in the driest month 

(DMT) in Celsius degrees to calculate the modified Martonne aridity index (Stephen, 2005) as 

AIm where AIm = {[MAP] / [MAT + 10]} + {[12 × DMP] / [DMT+10] / 2}. Since high AIm 

indicates highwater availability, we transformed this variable as follows: AI = 250 − AIm. The 

transformation of AI (250 − AIm) is the inverse of AIm, and therefore the relationship between 

these two variables is completely linear and did not affect the results. 

2.5. Statistical analyses 

To reduce the amount of soil nutrient variables (11 variables), we carried out a principal 

component analysis (PCA) for all soil nutrients (S) (Fig. S1, Supplementary Material). The 

main axes (S1 and S2) explained 37.2% and 19,4% of the variance, respectively (Fig. S1A, 

Supplementary material). The axis S1 was positively related to MO, pH, CE and Ca, C, and N 

concentration, while the axis S2 was positively related to Fe, Mn, Cu, and Zn concentration 

(Fig. S1, Supplementary Material). Similarly, with the aim of reducing the number of variables 

within the forest biomass (FB) and forest productivity (FP) models of the third objective, the 

functional traits were replaced by the two main components (TC1 and TC2, Supplementary 
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Material, Fig. S2) of a PCA with the observations at the individual level. Due to the high 

correlation between MAT, MAP, and AI (P>0.05, we exclude both MAT and MAP from further 

analysis and use only AI. The topography (slope, elevation and hillshade) did not show 

significance in any of the models presented, so they were discarded in order to simplify the 

statistical analysis. 

In the second objective, once a trait correlation matrix was obtained (Fig. 2B), 4 

functional traits (LA, LD, LMA and WD) were selected to facilitate analysis and understanding. 

To quantify the direct effect of abiotic factors (climate variables, soil texture and 

nutrients) on morphological leaf traits, we carried out linear mixed-effects  models (LME) for 

each response variable at individual level (objective 1) intra and interspecifically. Similarly, to 

explore the effect of abiotic factors (climate variables, soil texture and nutrients) and functional 

traits on the relative growth rate, we carried out an LME model at the tree level (Objective 2). 

All trees in our study were clustered within the plots (Table1). Therefore, to account for the no 

independence of our dataset (Lefcheck, 2021), we nested the plot as a random factor. We used 

the Gamma and Gaussian family function (link=log) to fit the functional traits and RGR models 

(inter and intraspecific). In the objective 3, (at the plot level) through GLM we interspecifically 

confronted FB (Mg ha-1) and FP (Mg ha-1 year-1)(response variables) to functional traits, aridity, 

percentage of clay, soil components (SC1 and SC2), average relative growth rate (RGR), 

average forest biomass (TB, kg tree-1) and forest density (TD, trees ha-1) (independent 

variables). At the intraspecific level, linear models (LM) were used where the response 

variables were transformed (log), in addition to reducing the number of variables, the functional 

traits were replaced by the two main components (TC1 and TC2). 

Prior to any modeling analysis, data was scale transformed using the basic scale function 

in the R software (which subtracts each data by the variable mean and divides it by the standard 

deviation).  

Data analysis was carried out using the R statistical computing software (R Core Team, 

2022). For data manipulation and graphic display the tidyverse package (Wickham et al., 2019) 

was used. Worldclim 2.1 data was downloaded and extracted with the package raster (Hijmans 

et al., 2005). Correlogram graphics were designed through corrplot (Wei and Simbo, 2021) and 

qgraph (Epskamp et al., 2012). Finally, the lmer package (Pinheiro et al., 2017) was used to 

carry out the linear mixed effect model analyses. 
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3. Results

3.1. Variation of foliar and woody functional traits 

The principal component analysis (PCA) of the functional traits found that the first axis 

(PC1) absorbed 59.2% of the variance and the second axis (PC2) 23% of the variance (Fig. 2). 

PC1 was positively related to LMA and LT and negatively related to LD, WD and WDMC. The 

PC2 axis was negatively related to LA. We can clearly distinguish the four forest species in the 

PCA with P. pinaster having a high LMA and LT, followed by P. halepensis. The two Quercus 

species had the highest leaf and wood densities (LD and WD), and Q. faginea the highest LA. 

It is observed how LMA is determined mainly and in a positive way by LT, and also LD 

explains LMA in a negative way, although to a lesser extent. Leaf and wood densities (LD and 

WD) as well as WDMC were strongly related. It is also observed how LMA was positively 

related to LT. 

Figure 2. Principal Component Analysis (PCA) of functional traits of the four forest species (A) and functional 

traits correlogram. LA (leaf area, cm2), LD (leaf density, g cm-3), LT (leaf thickness, µm), LMA (g m-2), WD 

(wood density, g cm-3), WDMC (wood dry mass content). 

At the interspecific level, we found that functional traits were strongly influenced by 

abiotic factors, especially aridity and soil components (Table 1). The density of the leaf (LD) 

was the one that showed the most sensitivity to all abiotic factors. 

At intraspecific level, aridity, and clay content were the factors with a greater effect on 

the functional traits. Aridity had a clear effect for some functional traits, generally increasing 

LMA, LT (P. halepensis, Q. faginea and Q. ilex) (Fig. 3), WD and WDMC (P. halepensis and 

Q. ilex). It was also observed how the clay content had a significant and negative effect on most

functional traits in Q. ilex and on LMA and LT in P. halepensis (Fig. 3). Clay content also had 
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significant effects on other functional traits, but in these cases, the effects differed in direction 

depending on the species (Table 1). Soil components only had relevant significance in Q. 

faginea leaf traits and WDMC in P. halepensis. 

Table 2. Effects of abiotic factors on functional traits by linear mixed. Estimates for each independent variable 

and significant correlations are indicated in bold (* P<0.05 and ** P<0.01) and nearly significant (a 0.1 > P > 

0.05). Marginal R2 (encompassing variance explained by only the fixed effects) and conditional R2 (comprising 

variance explained by both fixed and random effects). LA (Leaf Area, cm2), LD (Leaf Density, g cm-3), LT (Leaf 

Thickness, µm), LMA (Leaf mass Area, g m-2), WD (Wood Density, g cm-3), WDMC (Wood Dry Mass Content). 

SC1 and SC2, first and second PC of the soil, respectively; Clay (percentage of clay content); R2m and R2c, 

marginal and conditional R2, respectively. 

Specie F. Trait Aridity Clay SC1 SC2 R2m R2c 

Interspecific 

LA 0.035 -0.003 -0.101 0.24a 0.05ns 0.85 

LD 0.253* -0.208* 0.226* 0.485** 0.23*** 0.82 

LMA -0.053 -0.004 0.324** -0.107 0.13ns 0.9 

LT -0.192 0.071 0.127 -0.328* 0.09ns 0.97 

WD 0.332** -0.1 0.245* 0.459** 0.17* 0.86 

WDMC 0.35** -0.08 0.197a 0.441** 0.14ns 0.83 

P. halepensis

LA 0.044a 0.005 0 0 0.15 0.49 

LD 0.032 -0.018 0.144 0.053 0.03 0.41 

LMA 0.342* -0.065a -0.094 -0.038 0.3 0.61 

LT 0.452** -0.095* -0.02 -0.009 0.28 0.41 

WD 0.626* 0.091 0.161 -0.104 0.2 0.38 

WDMC 0.446a 0.21** 0.531** -0.158 0.29 0.37 

P. pinaster

LA 0.034 0.108 0.002 -0.005 0.14 0.65 

LD -0.054 0.102 0.146 -0.088 0.09 0.22 

LMA 0.06 -0.045 -0.227 0.093 0.13 0.41 

LT -0.012 0.123 -0.035 -0.038 0.04 0.14 

WD 0.074 -0.018 0.087 0.068 0.07 0.4 

WDMC 0.023 0.013 0.069 -0.023 0.02 0.21 

Q. faginea

LA 0.299 0.897 1.076a 1.278 0.19 0.62 

LD 0.208 0.258a 0.362* 0.61** 0.28 0.34 

LMA 0.17** -0.061 -0.092* -0.061 0.56 0.64 

LT 0.323** 0.01 0.007 0.136a 0.41 0.42 

WD 0.148 0.267* 0.156 0.191 0.2 0.2 

WDMC 0.131 0.186 0.16 0.203 0.15 0.27 

Q. ilex

LA -0.045 0.163* 0.051 -0.038 0.1 0.53 

LD 0.138 -0.292* -0.073 0.119 0.12 0.48 

LMA 0.078** -0.004 0.025 0.002 0.15 0.53 

LT 0.209** -0.16* 0.009 0.057 0.21 0.53 

WD 0.163** -0.237** -0.149a 0.091 0.15 0.34 

WDMC 0.227** -0.221** -0.111 0.099 0.15 0.38 
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Figure 3. Relationships of LMA with aridity for P. halepensis (A) and Q. faginea (B), and relationships of LMA 

with clay content for P. halepensis (C) and Q. ilex (D). 

3.2. Variation of RGR and effect of abiotic factors and functional traits 

The models that try to explain the variation in RGR by functional traits and abiotic 

variables were not very good (Table 2). Aridity and functional traits were not relevant in the 

interspecific model. The edaphic component related to the bases and organic matter (SC1) 

showed a positive relationship while the size of the tree (TB) did it negatively. 

In most cases the R2m was around 0.2, with the exception of P. pinaster with an R2m of 

0.41. Also, for two species (P. halepensis and Q. ilex) the variation between plots was 

important, as can be seen in the increase in R2c.  

Considering specific models (Table 3) we found that SC1 and clay content had a 

significant and positive effect for P. pinaster (Fig. 4A). In Q ilex, leaf density (LD) and aridity 

showed positive effect on RGR while tree biomass (TD) had a negative effect (Fig. 4B). The 
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specific models of P. halepensis and Q. faginea did not show any significant variables (Table 

3). 

Table 3. Summary of the linear mixed models (LME) for RGR (Relative Growth Rate, g kg-1 year-1) indicating 

the estimates and statistical significance of different explanatory variables at individual level for all species 

(Interspecific) and for each species independently.  Significant correlations are indicated in bold (* P<0.05 and ** 

P<0.01) and nearly significant (a 0.1 > P > 0.05). LA (Leaf Area, cm2), LD (Leaf Density, g cm-3), LMA (Leaf Mass 

Area, g m-2), WD (Wood Density, g cm-3), SC1 and SC2, first and second PC of the soil characteristics, Clay 

(percentage of clay content), TB (tree biomass, kg). Marginal R2 (encompassing variance explained by only the 

fixed effects) and conditional R2 (comprising variance explained by both fixed and random effects) 

Specie LA LMA LD WD Aridity SC1 SC2 Clay TB R2m R2c 

Interspecific -0.061 -0.081 -0.031 0.093 0.151 0.442a -0.202 0.275 -0.969* 0.13 0.57 

P. 

halepensis 
-1.203 -0.292 0.348 0.132 -0.092 -0.148 0.011 0.081 -0.754 0.11 0.32 

P. pinaster 0.001 0.089 -0.821a -0.133 0.095 0.562** -0.104 0.589** -0.528 0.41 0.41 

Q. faginea 0.147 -0.221 -0.42 0.264 0.037 0.091 0.313 0.121 -0.057 0.19 0.19 

Q. ilex -0.182 -0.412 0.356a -0.07 0.386* 0.402 0.565** -0.057 -0.433* 0.19 0.29 

Figure 4. Relationships of RGR with SC1 for P. pinaster (A) and RGR with tree biomass for Q. ilex (B). 

3.3. Variation in Forest biomass (FB) and productivity (FP) and its relation with abiotic 

factors, functional traits and RGR 

Interspecific model of forest biomass shows effect of leaf area (LA), clay (%) and tree 

biomass (TB). In the forest productivity model, in addition to these last two variables, found a 

strong positive effect of RGR, tree biomass and tree density, however, functional traits or aridity 

did not show any effect (Table 4, Fig. 5C and 5C). 
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Table 4. Summary of the general linear models (GLM) for Forest Biomass (FB, Mg ha-1) and Forest Productivity 

(FP, Mg ha-1 year-1) indicating the estimates and statistical significance of different explanatory variables for all 

species and for each species independently. LA (Leaf Area, cm2), LD (leaf density, g cm-3), LMA (Leaf Mass 

Area, g m-2) WD (Wood Density, g cm-3), SC1 and SC2, first and second PC of the soil respectively, Clay 

(percentage of clay content), RGR (relative growth rate, g kg-1 year-1), TB (Tree Biomass, kg tree-1), TD (Tree 

Density, trees ha-1), R2m and R2c, marginal and conditional R2, respectively, RMSE (Root Mean Squared Error, 

Mg ha-1 and Mg ha-1 year-1 for FB and FP respectively).  

Var LA LD LMA WD Aridity Clay SC1 SC2 RGR  TB TD R2 RMSE 

FB 0.24** -0.14 0.33 -0.17 0.007 0.34*** 0.11 0.04 -0.14 0.3*** 0.115 0.67*** 52.44 

FP -0.03 -0.9 0.36 -0.14 0.035 0.16* 0.22** 0.32*** 0.3*** 0.2*** 0.3*** 0.75*** 0.72 

The specific models that explain the forest biomass for all four species together showed 

a significant and positive effect of tree biomass (TB) and clay content (Table 4, Fig. 5A and 

5B), but no effect was found with other functional traits, RGR, aridity or other abiotic factors.  

Figure 5. Relationships of Forest Biomass (FB, Mg ha-1) with LA (A) and Clay (B) and relationships of Forest 

productivity (FP, Mg ha-1 year-1) with SC2 (C) and RGR (D) for all the forest species together.  

The specific models of forest biomass barely showed effects in Q. ilex. Here appeared 

a significant and positive effect of aridity, clay content, RGR, tree biomass (TB) and forest 

density (TD) (Table 4). However no effect was found with the functional traits (TC1, TC2).  
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In the specific models of forest productivity (FP), similarly, only Q. ilex showed a 

significant effect of RGR, tree biomass and forest density (Table 5). 

Table 5. Summary of the specific linear models (LM) for Forest Biomass (FB, Mg ha-1) and Forest Productivity 

(FP, Mg ha-1 year-1) indicating the estimates and statistical significance of different explanatory variables. 

Estimates for each independent variable and significant correlations are indicated in bold (* P<0.05 and ** 

P<0.01). TC1 and TC2, first and second PC of functional traits, respectively, SC1 and SC2, first and second PC 

of the soil, respectively, Clay (percentage of clay content), RGR (relative growth rate, g kg-1 year-1), TB (Tree 

biomass, kg tree-1), TD (Tree Density, trees ha-1), R2adj, adjusted R2, RMSE (Root Mean Squared Error, Mg ha-1 

and Mg ha-1 year-1 for FB and FP respectively). 

Species TC1 TC2 Aridity Clay SC1 SC2 RGR TB TD R2 adj RMSE 

FB 

P. 

halepensis 
1.607  1.382 -1.587 0.477  0.532  0.092 -0.01 1.224  -0.031 0,65* 0,27 

P. pinaster 0.301  0.934 0.031  -0.053 -0.349 0.192 -0.103 0.695  0.631  0,08 0,31 

Q. faginea 4.608  -2.564 0.797  2.169  1.287  2.169 -1.33 0.636  0.319  0,7 0,23 

Q. ilex 0.129  0.224 0.197* 0.312* 0.211  0.121 -0.177** 0.227*** 0.22** 0,68*** 0,3 

FP 

P. 

halepensis 
-0.008 0.769 -1.499 0.187  -0.015 0.211 0.403  1.023  0.31  0,65* 0,25 

P. pinaster 0.338  -0.001 0.01  0.24  -0.12 0.339 0.225  0.174  0.621  0,81* 0,18 

Q. faginea 6.699  -3.601 1.43  2.66  1.411  2.987 -1.266 -0.728 0.566  0,49 0,21 

Q. ilex 0.526  0.42  0.349  -0.337 0.02  0.499 0.347* 0.322* 0.566** 0,47** 0,75 

4. Discussion

4.1. Variation of foliar and woody functional traits 

It has been suggested that the phenotypic integration between functional traits may show 

the possible coordinated strategies that plants may be adopting against the adverse environment 

(Pigliucci, 2003; Marañón et al., 2020). Our results have shown that leaf and wood density are 

tightly correlated, indicating a possible coordination between plant organs (Anderegg et al., 

2020). This result could be due to the adoption of a conservative strategy in the face of limiting 

environmental factors such as the characteristic aridity of the Mediterranean climate 

(Valladares et al., 2014). In this sense, interspecific models showed the sensitivity of leaf and 

wood functional traits to aridity. For example, leaf and wood density increase with aridity. 

Similarly, P. halepensis and Q. ilex, have shown a positive relationship of LMA and WD with 

aridity, indicating a possible morphological adaptation to avoid a high transpiration rate. 

Poorter et al. (2009) or Rosas et al. (2019) have supported this relationship based on a greater 

mesophyll volume of the leaf of higher LMA, which allows a greater accumulation of water 

and nutrients, reducing the impact of transpiration in times of water stress. 

On the other hand, the effect of the soil (SC1, SC2, clay percentage) seems evident in 

the interspecific models, evidencing the importance of texture and nutrients in leaf and wood 
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functional traits. At the interspecific level, the negative relationship of clay with most of the 

traits indicates that fertility and the water made available in soils with higher clay percentage 

was related to less dense leaf and wood tissues (acquisitive strategy), facilitating plant growth 

(Chaturvendi et al., 2018). Considering the different species, three of the four species showed 

a negative relationship between clay and functional traits, as occurs at the interspecific level, 

but in the case of  Q. faginea, this relationship was positive (higher clay content would imply 

higher leaf and wood density),  In this case it is possible that the roots of Q. faginea face the 

so-called “inverse texture hypothesis” (Renne et al., 2019) where the electrical charges of soils 

with very clayey textures can compete with plants for water and nutrients (Fernandez-Illescas 

et al., 2001), affecting the morphology of leaves and stems (Anderson et al., 2006). This may 

happen especially in Q. faginea which is found in less mountainous areas such as valleys and 

plains where deep soils with a more clayey texture appear (Blanco et al., 1996).  

At the interspecific level, the positive effect of soil component 1 (SC1), closely related 

to fertility and cation availability, to functional traits, does not agree with the negative 

relationship between pH and leaf traits reported by Dong et al. (2020) along an environmental 

gradient. The positive interspecific response of nutrients with traits such as wood density (WD) 

or LMA seems counterintuitive. Within the so-called leaf economic spectrum (Wright et al., 

2004), species subjected to more favorable environments (acquisitive strategy) show lower 

values of LMA or WD as they do not have environmental restrictions for their development 

contrary to those presented in our results. Chua and Potts (2018) in tropical secondary forests 

in the regeneration phase have found a similar behavior that we found, where high nutrient 

concentration was positively related to leaf and wood density. The differences between the 

interspecific model and the intraspecific models, indicate that possibly the relationship between 

functional traits and nutrient availability may depend on the species and the specific strategies 

that each of them may have adopted. 

Finally, the difference between marginal R2 and conditional R2 shows that the variability 

explained by these abiotic factors is far from the intraspecific variability that functional traits 

showed. Similar results have been found in Bastias et al., 2017, so that possibly other biotic or 

abiotic factors may be affecting the spectrum that these traits showed (de la Riva et al., 2016). 

Another possibility is that this high variability can be a mechanism of adaptation to the 

environmental heterogeneity at low scale that plants have to support (Martínez-Vilalta et al., 

2010). 
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4.2. Variation of RGR and effect of abiotic factors and functional traits 

The growth of the trees represented by the RGR makes evident the importance of the 

size of the tree (TB) as Martínez-Vilalta et al. (2010) and Salazar et al. (2021) defend. Young 

trees (smaller size) tend to grow faster (higher RGR), while larger ones do so at a slower rate 

(Bowman et al., 2012). It is possible that this rapid growth is strategic in the juvenile phases for 

the survival of the individuals (Villar et al., 2017). As the biomass of the tree increases, the 

increasing amount of resources necessary for its growth, the assimilation and transport of 

nutrients raise the energy cost to maintain the biomass of the individual, which ends up affecting 

its growth and reducing its RGR. On the other hand, the model shows no relevance with the 

rest of the factors are biotic (functional traits) or abiotic (aridity and soil) which agrees with the 

independence of growth in the face of aridity defended by Martínez-Vilalta et al. (2010). 

However, this author, as Villar et al. (2017), unlike the interspecific model, does record 

relationships between RGR and functional traits such as wood density (WD), or leaf mass per 

area (LMA) as occurs in the intraspecific models of this work. 

Intraspecific models show heterogeneous responses to biotic and abiotic factors. Among 

them, the role of nutrients and organic matter (contained in the two components of the soil) can 

be highlighted as necessary elements for the growth and development of trees (Marañon et al., 

2020). SC1 shows the importance of macronutrients such as N (Grigal and Vance, 200; James, 

2008) on growth in P. pinaster while SC2 (micronutrients and OM) do so for Q. ilex (Salazar 

et al., 2021). Clay content appears as another relevant edaphic element for P. pinaster due to 

the role it plays together with OM in soil fertility and water retention (Epstein et al., 1997). The 

complex of electrical charges of the clay serves as a dynamic store of nutrients (Grijal and 

Vance, 2000); In addition, the clay content is related to the available water in the plant-soil 

system (Chaturvendi et al., 2018). For these reasons, clay content has been negatively related 

to LMA or WD and positively related to plant growth (de la Riva et al., 2016; Chaturvendi et 

al., 2018).  

Although many authors such as Villar et al. (2008; 2017) or Martínez-Vilalta et al. 

(2010) clearly relate leaf or stem functional traits to RGR, our models did not find a clear 

relationship, possibly due to the great variability that the trait models showed at the plot level 

obtained in objective 1 (difference between marginal R2 and raised conditional). It is possible 

that other biotic factors such as competition between individuals, the shrub layer or even the 

genetic component is influencing this variability and its effect on the RGR models. As in our 

results, Martinez-Vilalta et al., (2010) found a great intraspecific variability of the functional 
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traits, which seems to be an adaptation mechanism against climatic gradients. Finally, tree 

biomass (TB) shows a negative effect for all models, although it only showed to be significant 

for Q. ilex, indicating that young trees (with lower biomass) have higher relative growth 

(Salazar et al., 2021). 

4.3. Variation in Forest biomass (FB) and productivity (FP) and its relation with abiotic 

factors, functional traits and RGR 

The interspecific models of biomass (FB) and forest productivity (FP) showed the 

effects of environment factors as well the biotic factors, such as functional traits,  tree biomass 

or RGR (Villar et al., 2008). In this sense, the interspecific model of the forest biomass (FB) 

showed the importance of the leaf area (LA), the clay content and tree biomass (TB). Plots with 

individuals having a greater leaf size can mean an increase in the photosynthetically active 

surface and the amount of photoassimilates, positively impacting the biomass of the plot (Osone 

et al., 2016; Herraiz et al., 2023).  

Clay content, as previously mentioned, is closely related to the water content (de la Riva 

et al., 2016; Chaturvendi et al., 2018) and fertility, allowing higher biomass (and productivity) 

(Epstein et al., 1997; Grigal and Vance, 2000). Finally, the tree biomass in the plot (TB) also 

showed a positive effect on forest biomass (and forest productivity), telling that forest biomass 

does not seem to be negatively affected by tree density (TD). Herraiz et al. (2023) found similar 

positive relations of tree density with forest biomass and productivity suggesting that 

Mediterranean forest systems have not yet reached such high densities that can induce tree 

mortality or growth decline. It is possible that climatic limitations (Astigarraga et al., 2020), 

anthropic management of forests (Blanco et al., 1996) or even other biotic factors such as 

browsing by herbivores, control regeneration competition and density, favoring the size of 

individuals. 

 With regard to the forest productivity model, we found that the two soil components 

(SC1 and SC2), and clay content were positively related to FP, indicating that a high nutrient 

availability is important for biomass production (Epstein et al., 1997; Grijal and Vance, 2000). 

Forest productivity was also positively related to RGR, tree biomass and tree density, 

which seem to be logical, as they are components of FP (see formula below). 
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However, in a forest, the evolution over time implies that the decrease in tree density is 

related to an increase in tree biomass (competence), which may counteract the effect of both on 

FP (law of constant final yield: dense dependency, Begon et al., 2006). Also, RGR is not 

independent of TB or TD, as for example, in general, RGR should decrease with tree biomass 

(Villar et al. 2017). Therefore, the positive effect of RGR, tree biomass and tree density on FP 

is not so clear and depends on the multiple relationships between these variables. 

Finally, the interspecific models did not show any sensitivity to aridity, which can be 

interpreted as that the species studied have adaptive mechanisms against water stress that aridity 

can cause (Quero et al., 2008, 2011; Koury and Coomes, 2020). However, this is contrary to 

what was found by Herraiz et al. (2023), where FB and FP decrease with aridity. This may 

happen as the study of Herraiz et al. (2023) was done for all SNFI plots (6924) in Andalusia 

and the aridity gradient was higher.  

The intraspecific models do not seem to respond in the same way as the interspecific 

ones, possibly due to diluting the effect of the variables at the species level with a reduced 

number of observations, which seems to be sufficient in the case of Q. ilex where the response 

coincides with the results of the interspecific models. 

5. Conclusions

Functional traits have shown some coordination across different organs, for example, 

leaf density (LD) was positively related to stem density (WD) which may indicate an integrated 

strategy between organs. Aridity and soil variables affected functional traits both at the inter 

and intraspecific level. The relative growth rate (RGR) showed a negative relationship with tree 

biomass (TB). However, functional traits and aridity did not show any effect on RGR. Forest 

biomass (FB) and forest productivity were positively related to mean tree biomass (TB) and 

clay content. Also, forest productivity (FP) was positively affected by RGR, forest density (TD) 

and soil factors. Generally, aridity did not affect the FB and FP models. 

91



Capítulo 4. Variability of functional traits, relative growth rate and productivity in four 

Mediterranean forest species under an aridity gradient 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

6. Acknowledgements

Thanks to the Instituto Federal de Ciência e Tecnologia do Amazonas (IFAM, Brazil) 

for allowing me to attend the doctoral program in “Recursos Naturales y Gestión Sostenible” 

over 4 years at the University of Córdoba (UCO). Take this opportunity to thank Elva Palacios, 

María Soriano, Regina Ortiz Flores and Carla Rivera. for their collaboration throughout these 

years of work. Financial support was provided by the project Ecología funcional de los bosques 

andaluces y predicciones sobre sus cambios futuros (For-Change) (UCO-FEDER 18 REF 

27943 MOD B), the project Funcionalidad y servicios ecosistémicos de los bosques andaluces 

y normarroquíes: relaciones con la diversidad vegetal y edáfica ante el cambio climático (P18-

RT-3455) from Junta de Andalucía (Spain), by the Spanish MEC project DIVERBOS 

(CGL2011-30285-C02-02), ECO-MEDIT (CGL2014-53236-R), ForFun (Ref. PID2020-

115809RB-I00) and FORMEDY (TED2021-131722B-100)  and FEDER funds. We thank the 

MAPA (Ministerio de Agricultura, Pesca y Alimentación) and MITECO (Ministerio de 

Transición Ecológica) the access and the open-access availability of the Spanish Forest 

Inventory (https://www.mapa.gob.es/es/desarrollo-rural/temas/politica-forestal/inventario-

cartografia/inventario-forestal-nacional/default.aspx).  

7. References

Alberdi, I., Vallejo, R., Álvarez-González, J.G., Condés, S., González-Ferreiro, E., Guerrero, 

S., Hernández, L., Martínez-Jauregui, M., Montes, F., Oliveira, N., Pasalodos-Tato, M., 

Robla, E., Ruiz-González, A.D., Sánchez-González, M., Sandoval, V., San Miguel, A., 

Sixto, H., Cañellas, I. 2017. The multi-objective Spanish National Forest Inventory. For. 

Syst. 26, 1–17. https://doi.org/10.5424/fs/2017262-10577 

Albert, C. H., Thuiller, W., Yoccoz, N. G., Soudant, A., Boucher, F., Saccone, P., y Lavorel, S. 

(2010). Intraspecific functional variability: Extent, structure and sources of variation. 

Journal of Ecology, 98(3), 604-613. 

Anderegg, L. D. L., Loy, X., Markham, I. P., Elmer, C. M., Hovenden, M. J., HilleRisLambers, 

J., & Mayfield, M. M. (2021). Aridity drives coordinated trait shifts but not decreased trait 

variance across the geographic range of eight Australian trees. New Phytologist, 229(3), 

1375–1387. https://doi.org/10.1111/nph.16795 

Anderson, T.M., Dong, Y., Mcnaughton, S.J., 2006. Nutrient acquisition and physiological 

responses of dominant Serengeti grasses to variation in soil texture and grazing. J. Ecol. 

94, 1164–1175. https://doi.org/10.1111/j.1365-2745.2006.01148.x. 

 Antúnez I, Retamosa EC, Villar R (2001) Relative growth rate in phylogenetically related 

deciduous and evergreen woody species. Oecologia 128: 172-180. 

Astigarraga, J., Andivia, E., Zavala, M.A., Gazol, A., Cruz-Alonso, V., Vicente-Serrano, S.M., 

Ruiz-Benito, P., 2020. Evidence of non-stationary relationships between climate and forest 

responses: increased sensitivity to climate change in Iberian forests. Glob. Chang. Biol. 

26, 5063–5076. https://doi.org/10.1111/gcb.15198 

92

https://www.mapa.gob.es/es/desarrollo-rural/temas/politica-forestal/inventario-cartografia/inventario-forestal-nacional/default.aspx
https://www.mapa.gob.es/es/desarrollo-rural/temas/politica-forestal/inventario-cartografia/inventario-forestal-nacional/default.aspx
https://doi.org/10.1111/gcb.15198


Capítulo 4. Variability of functional traits, relative growth rate and productivity in four 

Mediterranean forest species under an aridity gradient 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Bastias, C. C., Fortunel, C., Valladares, F., Baraloto, C., Benavides, R., Cornwell, W., 

Markesteijn, L., De Oliveira, A. A., Sansevero, J. B. B., Vaz, M. C., & Kraft, N. J. B. 

(2017). Intraspecific leaf trait variability along a boreal-to-tropical community diversity 

gradient. Plos One, 12(2), 1–16. https://doi.org/10.1371/journal.pone.0172495 

Begon M., C. Townsend, R., Harper J. L. (2006). Chapter 5. Intraspecific Competition, (p.132) 

in: Ecology: from individuals to ecosystems. 4th ed. ISBN-13: 978-1-4051-1117-1. 

Blackwell Publishing. 

Blanco Castro E., Casado González M. A., Costa Tenorio M., Escribano Bombín R., García 

Antón M., Génova Fuster M., Gómez Manzaneque A., Gómez Manzaneque F., Moreno 

Saiz J. C., Morla Juaristi C., Regato Pajares P., Sainz Ollero H. 1996. Encinares y 

Alcornocales (pg. 278-285). Los bosques ibéricos. Una interpretación geobotánica. Ed. 

Planeta. Barcelona. 

Bowman, D. M. J. S., Brienen, R. J. W., Gloor, E., Phillips, O. L., & Prior, L. D. (2013). 

Detecting trends in tree growth: Not so simple. Trends in Plant Science, 18(1), 11–17. 

https://doi.org/10.1016/j.tplants.2012.08.005 

Chaturvedi, R.K., Raghubanshi, A.S., Singh, J.S., 2011. Leaf attributes and tree growth in a 

tropical dry forest. J. Veg. Sci. 22, 917–931. https://doi.org/10.1111/j.1654- 

1103.2011.01299.x. 

Chaturvendi, RK., Pandey, SK., Bhadouria R., Singh S., & AS, Raghubanshi. (2018). Woody 

species in tropical dry forest exhibit plasticity in physiological traits in response to 

variations in soil properties . MOJ Ecology & Environmental Sciences, 3(6), 364–367. 

https://doi.org/10.15406/mojes.2018.03.00114 

Chave, J., Coomes, D., Jansen, S., Lewis, S.L., Swenson, N.G., Zanne, A.E., 2009. Towards a 

worldwide wood economics spectrum. Ecol. Lett. 12, 351–366. https://doi.org/ 

10.1111/j.1461-0248.2009.01285.x. 

Chaves, M. M., Pereira, J. S., Maroco, J., Rodrigues, M. L., Ricardo, C. P. P., Osório, M. L., 

Carvalho, I., Faria, T., & Pinheiro, C. (2002). How plants cope with water stress in the 

field. Photosynthesis and growth. Annals of Botany, 89, 907–916. 

https://doi.org/10.1093/aob/mcf105 

Chua, S. C., & Potts, M. D. (2018). The role of plant functional traits in understanding forest 

recovery in wet tropical secondary forests. Science of the Total Environment, 642, 1252–

1262. https://doi.org/10.1016/j.scitotenv.2018.05.397 

de la Riva, Enrique, G., Tosto, A., Pérez-Ramos, I.M., Navarro-Fernández, C.M., Olmo, M., 

Anten, N.P.R., Marañón, T., Villar, R., 2016. A plant economics spectrum in 

Mediterranean forests along environmental gradients: is there coordination among leaf, 

stem and root traits? J. Veg. Sci. 27, 187–199. https://doi.org/10.1111/jvs.12341. 

Dong, N., Prentice, I.C., Wright, I.J., Evans, B.J., Togashi, H.F., Caddy-Retalic, S., McInerney, 

F.A., Sparrow, B., Leitch, E., Lowe, A.J., 2020. Components of leaf-trait variation along

environmental gradients. New Phytol. https://doi.org/10.1111/nph.16558.

Duchaufour, P. (1975). Manual de Edafología. Primera edición. Editorial Toray - Masson S.A. 

Barcelona, España. 476p 

Epskamp S, Cramer AOJ, Waldorp LJ, Schmittmann VD, Borsboom D (2012). “qgraph: 

Network Visualizations of Relationships in Psychometric Data.” Journal of Statistical 

Software, 48(4), 1–18. 

Epstein, H. E., Lauenroth, W. K., & Burke, I. C. (1997). Effects of temperature and soil texture 

on ANPP in the U.S. Great plains. Ecology, 78(8), 2628–2631. 

https://doi.org/10.1890/0012-9658(1997)078[2628:EOTAST]2.0.CO;2 

Escudero, A., Matesanz, S., Pescador, D.S., de la Cruz, M., Valladares, F. & Cavieres, L. 

(2021). Every little helps: the functional role of individuals in assembling any plant 

93

https://doi.org/10.1371/journal.pone.0172495
https://doi.org/10.1093/aob/mcf105


Capítulo 4. Variability of functional traits, relative growth rate and productivity in four 

Mediterranean forest species under an aridity gradient 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

community, from the richest to monospecific ones. Journal of Vegetation Science, 

https://doi.org/10.1111/jvs.13059 

Fajardo, A., & Siefert, A. (2018). Intraspecific trait variation and the leaf economics spectrum 

across resource gradients and levels of organization. Ecology, 99, 1024–1030. 

doi:10.1002/ecy.2194 

Fernandez-Illescas, C.P., Porporato, A., Laio, F., Rodriguez-Iturbe, I., 2001. The 

ecohydrological role of soil texture in a water-limited ecosystem. Water Resour. Res. 37, 

2863–2872. https://doi.org/10.1029/2000WR000121 

Fontana, V., Kohler, M., Niedrist, G., Bahn, M., Tappeiner, U., & Frenck, G. (2017). 

Decomposing the land-use specific response of plant functional traits along environmental 

gradients. Science of the Total Environment, 599–600, 750–759. 

https://doi.org/10.1016/j.scitotenv.2017.04.245 

Grigal, D. F., & Vance, E. D. (2000). Influence of soil organic matter on forest productivity. 

New Zealand Journal of Forestry Science, 30(1–2), 169–205. 

Grime, J. P. (2001). Plant Strategies, Vegetation Processes, and Ecosystem Properties (2nd ed.). 

Chichester: John Wiley & Sons. 

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high resolution 

interpolated climate surfaces for global land areas. Int. J. Climatol. 25, 1965–1978. 

https://doi.org/10.1002/joc.1276. 

Herraiz A. D., Salazar P. C. Z., Mesas F. J. C., Arenas-Castro S., Ruiz-Benito P., and Villar R. 

Modelling aboveground biomass and productivity and the impact of climate change in 

Mediterranean forests of South Spain. Agriculture and Forest Meteorology (in press). 

James, J. J. (2008). Effect of soil nitrogen stress on the relative growth rate of annual and 

perennial grasses in the Intermountain West. Plant and Soil, 310(1–2), 201–210. 

https://doi.org/10.1007/s11104-008-9645-x 

Lambers, H., Chapin, F.S., Pons, T.L., 2008. Plant Physiological Ecology. Springer, New York, 

New York, NY https://doi.org/10.1007/978-0-387-78341-3. 

Lavorel, S. (2013). Plant functional effects on ecosystem services. Journal of Ecology, 101(1), 

4–8. https://doi.org/10.1111/1365-2745.12031 

Le Bagousse-Pinguet, Y., Börger, L., Quero, J. L., García-Gómez, M., Soriano, S., Maestre, F. 

T., & Gross, N. (2015). Traits of neighbouring plants and space limitation determine 

intraspecific trait variability in semi-arid shrublands. Journal of Ecology, 103(6), 1647–

1657. https://doi.org/10.1111/1365-2745.12480 

Lefcheck, J., 2021. Structural Equation Modelling in R for Ecology and Evolution. [WWW 

Document]. URL https://jslefche.github.io/sem_book/local-estimation.html#model- 

fitting-using-piecewisesem (accessed 2.26.21) 

Lusk, C. H., Clearwater, M. J., Laughlin, D. C., Harrison, S. P., Prentice, I. C., Nordenstahl, 

M., & Smith, B. (2018). Frost and leaf-size gradients in forests: global patterns and 

experimental evidence. New Phytologist, 219(2), 565–573. 

https://doi.org/10.1111/nph.15202 

Marañón, T., Navarro-Fernández, C. M., Gil-Martínez, M., Domínguez, M. T., Madejón, P., & 

Villar, R. (2020). Variation in morphological and chemical traits of Mediterranean tree 

roots: linkage with leaf traits and soil conditions. Plant and Soil, 449(1–2), 389–403. 

https://doi.org/10.1007/s11104-020-04485-5 

Martínez-Vilalta, J., Mencuccini, M., Vayreda, J., & Retana, J. (2010). Interspecific variation 

in functional traits, not climatic differences among species ranges, determines 

demographic rates across 44 temperate and Mediterranean tree species. Journal of 

Ecology, 98(6), 1462–1475. https://doi.org/10.1111/j.1365-2745.2010.01718.x 

94

https://doi.org/10.1002/joc.1276


Capítulo 4. Variability of functional traits, relative growth rate and productivity in four 

Mediterranean forest species under an aridity gradient 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Montero, G., Ruiz-peinado, R., Muñoz, M. 2005. Producción de biomasa y fijación de CO2 por 

los bosques españoles. Monografías INIA: Serie Forestal. Ministerio de Educación y 

Ciencia, Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria. 275p. 

Muller-Landau, H. C. (2004). lnterspecific and Inter-site Variation in Wood Specific Gravity 

of Tropical Trees. Biotropica, 36(1), 20–32. https://doi.org/10.1038/261274d0 

Norvell, W.A., Lindsay, W.L., 1972. Reactions of DTPA chelates of iron, zinc, copper, and 

manganese with soils. Soil Sci. Soc. Am. J. 36, 778–783. 

Osone, Y., Ishida, A., & Tateno, M. (2016). Correlation between relative growth rate and 

specific leaf area requires associations of specific leaf area with nitrogen absorption rate 

of roots . PubMed Commons. 179(2), 19086290. 

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., Bret- 

Harte, M.S.S., Cornwell, W.K.K., Craine, J.M.M., Gurvich, D.E.E., Urcelay, C., 

Veneklaas, E.J.J., Reich, P.B.B., Poorter, L., Wright, I.J.J., Etc, Ray, Etc, P., Díaz, S., 

Lavorel, S., Poorter, H., Jaureguiberry, P., Bret-Harte, M.S.S., Cornwell, W.K.K., Craine, 

J.M.M., Gurvich, D.E.E., Urcelay, C., Veneklaas, E.J.J., Reich, P.B.B., Poorter, L.,

Wright, I.J.J., Ray, P., Enrico, L., Pausas, J.G., Vos, A.C. de, Buchmann, N., Funes, G.,

Quétier, F., Hodgson, J.G., Thompson, K., Morgan, H.D., Steege, H. ter, Heijden, M.G.A.

van der, Sack, L., Blonder, B., Poschlod, P., Vaieretti, M.V., Conti, G., Staver, A.C.,

Aquino, S., Cornelissen, J.H.C., 2013. New handbook for standardized measurment of

plant func- tional traits worldwide. Aust. J. Bot. 61, 167–234.

https://doi.org/10.1071/BT12225.

Pigliucci, M. (2003). Phenotypic integration: Studying the ecology and evolution of complex 

phenotypes. Ecology Letters, 6(3), 265–272. https://doi.org/10.1046/j.1461-

0248.2003.00428.x 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2017. nlme: Linear and Nonlinear 

Mixed Effects Models. 

 Poorter H, Niinemets U, Poorter L, Wright IJ, Villar R (2009) Causes and consequences of 

variation in leaf mass per area (LMA): a meta-analysis. New Phytologist 182: 565–588. 

Quero, J. L., Villar, R., Marañón, T., Zamora, R., Vega, D., & Sack, L. (2008). Relating leaf 

photosynthetic rate to whole-plant growth: Drought and shade effects on seedlings of four 

Quercus species. Functional Plant Biology, 35(8), 725–737. 

https://doi.org/10.1071/FP08149 

Quero, J. L., Sterck, F. J., Martínez-Vilalta, J., & Villar, R. (2011). Water-use strategies of six 

co-existing Mediterranean woody species during a summer drought. Oecologia, 166(1), 

45–57. https://doi.org/10.1007/s00442-011-1922-3 

R Core Team, 2022. R: A Language and Environment for Statistical Computing. 

Reich, P. B. (2014). The world-wide “fast-slow” plant economics spectrum: A traits manifesto. 

Journal of Ecology, 102(2), 275–301. https://doi.org/10.1111/1365-2745.12211 

Renne, R. R., J. B. Bradford, I. C. Burke, and W. K. Lauenroth. 2019. Soil texture and 

precipitation seasonality influence plant community structure in North American 

temperate shrub steppe. Ecology 100(11):e02824. 10.1002/ecy.2824 

Reyes, J.L., Campos, F., Wei, H., Arora, R., Yang, Y., Karlson, D.T., Covarrubias, A.A., 2008. 

Functional dissection of Hydrophilins during in vitro freeze protection. Plant Cell Environ. 

31, 1781–1790. https://doi.org/10.1111/j.1365-3040.2008.01879.x. 

Rosas, T., Mencuccini, M., Barba, J., Cochard, H., Saura-Mas, S., Martínez-Vilalta, J., 2019. 

Adjustments and coordination of hydraulic, leaf and stem traits along a water availability 

gradient. New Phytol. 223, 632–646. https://doi.org/10.1111/nph.15684. 

Rosas, T., Mencuccini, M., Batlles, C., Regalado, Í., Saura-Mas, S., Sterck, F., & Martínez-

Vilalta, J. (2021). Are leaf, stem and hydraulic traits good predictors of individual tree 

95



Capítulo 4. Variability of functional traits, relative growth rate and productivity in four 

Mediterranean forest species under an aridity gradient 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

growth? Functional Ecology, 35(11), 2435–2447. https://doi.org/10.1111/1365-

2435.13906 

Ruiz-Benito, P., Gómez-Aparicio, L., Paquette, A., Messier, C., Kattge, J., Zavala, M.A., 2014. 

Diversity increases carbon storage and tree productivity in Spanish forests. Glob. Ecol. 

Biogeogr. 23, 311–322. https://doi.org/10.1111/geb.12126 

Salazar Zarzosa, P., Diaz Herraiz, A., Olmo, M., Ruiz-Benito, P., Barrón, V., Bastias, C. C., de 

la Riva, E. G., & Villar, R. (2021). Linking functional traits with tree growth and forest 

productivity in Quercus ilex forests along a climatic gradient. Science of the Total 

Environment, 786, 147468. https://doi.org/10.1016/j.scitotenv.2021.147468 

Salgado Negret, B. (2015). La Ecología Funcional como aproximación al estudio, manejo y 

conservación de la biodiversidad: protocolos y aplicaciones. In La ecología funcional 

como aproximación al estudio, manejo y conservación de la biodiversidad: protocolos y 

aplicaciones (Issue February). 

Sterck, F. J., Zweifel, R., Sass-Klaassen, U., & Chowdhury, Q. (2008). Persisting soil drought 

reduces leaf specific conductivity in Scots pine (Pinus sylvestris) and pubescent oak 

(Quercus pubescens). Tree Physiology, 28(4), 529–536. 

https://doi.org/10.1093/treephys/28.4.529 

Sterck, F., Markesteijn, L., Schieving, F., & Poorter, L. (2011). Functional traits determine 

trade-offs and niches in a tropical forest community. Proceedings of the National Academy 

of Sciences of the United States of America, 108(51), 20627–20632. 

https://doi.org/10.1073/pnas.1106950108 

Valencia, E. (2016). Effects of climate change on biotic communities and ecosystem 

functioning in dry areas. Ecosistemas, 25(3), 154–159. 

https://doi.org/10.7818/ECOS.2016.25-3.21 

Valladares, F., Benavides R., Rabasa S. G., Díaz M., Pausas J. G. Cide, Paula S., Simonson W. 

D. Global change and Mediterranean forests: current impacts and potential responses

(2014). Instituto, Forests and Global Change, ed. David A. Coomes, David F. R. P.

Burslem and William D. Simonson. Published by Cambridge University Press. © British

Ecological Society 2014.

Villar R., Ruiz-Robledo J., Quero J.L., Poorter H., Valladares F., & Marañón T. (2008). 

Capítulo 7 Tasas de crecimiento en especies leñosas: aspectos funcionales e implicaciones 

ecológicas. In: Valladares, F. 2008. Ecología del bosque mediterráneo en un mundo 

cambiante (Segunda edición). Páginas 193-230. Ministerio de Medio Ambiente. EGRAF, 

S. A., Madrid. ISBN: 978-84-8014-738-5. http://hdl.handle.net/10261/47933

Villar, R., Ruiz-Benito, P., de la Riva, E.G., Poorter, H., Cornelissen, J.H.C., Quero, J.L., 2017. 

Growth and growth-related traits for a range of Quercus species grown as seedlings under 

controlled conditions and for adult plants from the field. In: Gil-Pelegrín, E., Peguero-

Pina, J.J., Sancho-Knapik, D. (Eds.), Oaks Physiological Ecology. Exploring the 

Functional Diversity of Genus Quercus L. Springer International Publishing, Cham, pp. 

393–417 https://doi.org/10.1007/978-3-319-69099-5_12. 

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., Garnier, E., 2007. 

Let the concept of trait be functional! Oikos 116, 882–892. https://doi.org/10.1111/ 

j.2007.0030-1299.15559.x

Walkley, A., Black, I.A., 1934. An examination of the Degtjareff method for determining soil 

organic matter, and a proposed modification of the chromic acid titration method. Soil Sci. 

37, 29–38. 

Wei T, Simko V (2021). R package 'corrplot': Visualization of a Correlation Matrix. (Version 

0.92), https://github.com/taiyun/corrplot. 

96



Capítulo 4. Variability of functional traits, relative growth rate and productivity in four 

Mediterranean forest species under an aridity gradient 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., & Wright, I. J. (2002). Plant ecological 

strategies: Some leading dimensions of variation between species. Annual Review of 

Ecology and Systematics, 33, 125–159. 

https://doi.org/10.1146/annurev.ecolsys.33.010802.150452 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., Grolemund, G., 

Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Müller, K., 

Ooms, J., Robinson, D., Seidel, D., Spinu, V., Takahashi, K., Vaughan, D., Wilke, C., 

Woo, K., Yutani, H., 2019. Welcome to the tidyverse. J. Open Source Softw. 4, 1686. 

https://doi.org/10.21105/joss.01686. 

Wright, I. J., Reich, P. B., Westoby, M., Baruch, Z., Bongers, F., Cavender-Bares, J., Chapin, 

T., Diemer, M., Others, Wright, I. J., Reich, P. B., Ackerly, D. D., & Cornelissen, J. H. . 

(2004). The worldwide leaf economics spectrum. Nature, 428, 821–827. 

https://doi.org/10.1038/nature02403 

97

https://doi.org/10.21105/joss.01686


Capítulo 4. Variability of functional traits, relative growth rate and productivity in four 

Mediterranean forest species under an aridity gradient 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Supplementary Material 

Figure S1. Proportion of the variance absorbed by the two main axes of the Principal Component Analysis (PCA) 

of functional traits of the four forest species (interspecific). LA (leaf area, cm2), LD (leaf density, g cm-3), LT (leaf 

thickness, µm), LMA (g m-2), WD (wood density, g cm-3) and WDMC (wood dry mass content). 

Figure S2. Proportion of the variance absorbed by the three main axes of the Principal Component Analysis (PCA) 

of soil characteristics. C_N Carbon-Nitrogen ratio, CE: Electric Conductance, MO: Organic Matter, Ca: Calcium, 

Fe: Iron, Mg: Magnesium, Mn: Manganese, Zn: Zinc. 
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Figure S3. Correlations map between abiotics variables and functional traits (A) and abiotics variables, functional 

traits and RGR (B) at individual level considering all trees of the four species. 

Figure S4. Correlations map between abiotics variables, functional traits, RGR (Relative Growth Rate), TD (Tree 

density),  TF (Tree biomass), FB (Forest Biomass), and FP (Forest Productivity) at plot level for all forest species. 
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Figure S5. Relationships of LMA (Leaf Mass per Area, g m-2) with aridity for the four forest species and 

relationships of WD (Wood Density, g cm-3) with aridity for the four forest species. 
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Fig. S6. Specific correlations between abiotic variables and leaf and woody traits at individual level 
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Fig. S7. Specific correlations between abiotic variables, leaf and woody traits and relative growth rate (RGR) at 

individual level 
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Fig. S8. Specific correlations between abiotic variables, leaf and woody traits and relative growth rate (RGR) at 

plot level 
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Abstract 

Phenology depends on many abiotic factors as well as their possible interactions. 

Phenology is being studied as an indicator of the response of forests to climate change trying to 

understand how ecosystem services will be impacted. However, not all species respond 

phenologically in the same way to climatic factors, especially in conditions with serious 

limitations due to high temperatures and reduced rainfall. Thanks to vegetation indices such as 

NDVI we can monitor seasonal changes in phenology at high temporal and spatial resolutions 

for long periods. In this study we characterised the main phenological metrics of the main 10 

forest species in South Spain to know the effect of aridity and the temporal trend of these 

metrics. Once the NDVI noise is removed, the main phenological metrics were obtained by 

processing the maximum monthly NDVI in the period 1994-2021 in the plots of the Spanish 

National Forest Inventory. The NDVI cycle of most of the described species showed winter 

maximums (December-February) and summer minimums (June-August) indicating the 

important effect of precipitation in the physiological response of vegetation. Evergreen species 

showed the start of season (SOS) in autumn and the final of season (EOS) in late spring. The 

aridity affected negatively the phenological metrics relative to NDVI, delaying SOS, EOS, POP 

and POT. The temporal analysis of the phenology already showed a positive trend of the NDVI 

(greening) and its phenological metrics for most of the species. 

Keywords: temporal trend, NDVI, phenometrics, greening, aridity 

1. Introduction

Forests represent 31% of the land cover worldwide (Anaya-Romero et al., 2016; FAO, 

2022) hosting a large part of terrestrial biodiversity (Hill et al., 2019; Santos et al., 2016). They 

provide important ecosystem services to society such as regulation of atmospheric gases and 

climate, protection against soil erosion, improvement of the water quality, provisioning of forest 
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products and cultural services (recreation, landscaping, etc) (Anaya-Romero et al., 2016; Garcia 

et al., 2020; Mori, 2017).  

However, although have a great capacity for resilience and adaptation (Garzón et al., 

2008; Khoury and Coomes, 2020), forests and their ecosystem services are being strongly 

pressured both by the impact of anthropic activities and by increasingly intense and frequent 

extreme weather events (Ruiz-Benito et al., 2013; Herraiz et al., 2017; Forner et al., 2018). 

Predictive climate models have shown the strong impact of climate change in different 

world regions (IPCC, 2022; Rosenzweig et al., 2008). Especially, in the Mediterranean region, 

forest services have been intensely impacted by an abnormal increase in temperatures and a 

reduction in rainfall, causing increasingly frequent and extreme droughts affecting the forest 

physiology (Lindner et al., 2010; Ruiz-Benito et al., 2020). 

However, the effects of climate change depend on the forest species (Gazol et al., 2018; 

Arenas et al. 2020). For example, Mediterranean forests are dominated mainly by pine or oak 

species, bearing conditions of prolonged water stress (Gazol et al., 2018; Khoury and Coomes, 

2020) hence they may suffer a lower effect of climate change. In any case, the episodes of 

extreme droughts of the last decades are affecting these Mediterranean forest species in many 

aspects such as plant growth, phenology, productivity, survival or recruitment (Salazar et al., 

2021; Astigarraga et al., 2021), altering ecosystems services such as species interaction, water, 

carbon and energy cycles (Forner et al., 2018; Gazol et al., 2018; Caparros-Santiago et al., 

2021). 

Due to the large extension that the forest masses occupy, it is difficult and expensive to 

depend on field data to study forest dynamics. However, the availability of remote data such as 

satellite vegetation index can help in spatio-temporal analysis in an agile, fast and cheap way. 

To study remotely the behaviour of forests over time, vegetation indices (VI) as NDVI 

(Normalised Difference of Vegetation Index, Rouse et al., 1973) have proven to be good 

indicators of health, growth and forest biomass in the last decades (Birky, 2001; Zhu and Liu, 

2015). Time series of NDVI clearly shows the differences in the intensity of photosynthetic 

activity and phenological stages of the species throughout the year and can even be used for 

classification of different forest species (Hadley et al., 2009; Caparros-Santiago et al., 2021; 

López-Trullen et al., 2022). NDVI provides an integrated measure of ecosystem responses to 

climatic factors such as temperature or rainfall, as well as anthropic disturbances that affect its 

structure and functioning (Wang et al., 2010, 2017; Caparros-Santiago et al., 2021).  
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Phenology is defined as “the study of the synchronisation of recurring biological events 

consequence of biotic and abiotic forces, and the interrelationship between phases of the same 

or different species” (Lieth 1974). In this sense, the annual seasonality of photosynthesis in 

forests also has a phenological character in nature, regulating the physiological cycles and the 

ecosystem services they provide (Noormets et al., 2009). Interannual variability of phenology 

plays a relevant role as a factor of adaptation in intra and interspecific differences on 

reproductive success in vegetal ecosystems. For all these reasons, it is relevant to study the 

effect that abiotic factors can cause on phenology through the changes on the structure and 

functioning of ecosystems (Chuine, 2010). 

Phenological metrics such as Start Of Season (SOS), End Of Season (EOS), or Length 

Of Season (LOS) can show the changes over time at intra and interspecific level caused by 

abiotic factors (Gordo and Sanz, 2010; Richardson et al., 2012; López-Trullén et al., 2022). 

These variables have shown to be relevant indicators of the effect of climate on phenology 

(Jeong et al., 2011). 

Phenology can be affected by abiotic factors such as climate, soil, topography, 

insolation, (Linderholm, 2006; Gordo and Sanz, 2010) and biotic factors such as plagues and 

diseases, age, or type of vegetation (Richardson et al., 2012; Caparros-Santiago et al., 2021). 

Authors such as Keenan et al. (2018) describe possible beneficial effects of altering phenology 

such as increasing primary production by extending the period of photosynthetic activity and 

carbon uptake. However, the effects of climate change can cause unknown alterations in most 

of the ecosystem functions of forests, affecting, for example, the flow of water, energy and 

gasses on both a micro and macro scale (Richardson et al., 2012; Caparros-Santiago et al., 

2021). The increase in temperature or changes in precipitation regime can have different effects 

on phenology (Linderholm, 2006; Jeong et al., 2011). For example, in forests of the Northern 

Hemisphere, it has been found a greater effect of temperature compared to precipitation on 

SOS, with an advancement of up to 5 days per decade since 1970 (Richardson et al. 2012, 

Rosenzweig et al. 2008; Gordo and Sanz, 2010). However, for these forests, Jeong et al. (2011) 

barely found a certain advance in SOS (0.2 days) between the years 2000-2008, and a delay of 

approximately 2 days in EOS.  

Not all phenological metrics seem to show the same sensitivity to these factors. While 

ecosystems of high and medium latitudes of the Northern Hemisphere seem more sensitive to 

temperature, possibly because rainfall limitations are rare (Hadley et al., 2009; Caparros-

Santiago et al., 2021). Precipitation may be a more decisive factor in the phenological cycle of 
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arid and semi-arid regions (Liu et al., 2016; Yan et al., 2016). In addition, these phenological 

metrics can be regulated not only by climatic variables. Authors such as Caparros-Santiago et 

al. (2021) and Garonna et al. (2018) have shown the importance of other abiotic factors such as 

soil moisture, photoperiod or radiation, and their possible interactions with climate, making 

phenological modelling a difficult challenge.  

Even so, the different future climate change scenarios point to an increase in average 

temperature and a decrease in accumulated annual precipitation in regions such as the 

Mediterranean basin (IPCC 2022). 

Type of forest also is relevant. Changes in precipitation and temperature cause different 

effects on the phenology of deciduous and evergreen species (Sterck et al., 2008; Crabbe et al., 

2016; Gazol et al., 2018). Although evergreen gymnosperms physiology has a higher recovery 

compared to deciduous species, they show less resistance to extreme drought events, affecting 

their survival in cases of continued succession of this type of event (Forner et al., 2018; Salomón 

et al., 2022). Also, the same forest species can show a differentiated behaviour along space 

highlighting the role that climatic, topographic and edaphic factors can have (Salazar et al., 

2021, Herraiz et al., 2023).  

Many studies analyse the possible variations of the phenological metrics over time, 

however it is also necessary to study the spatial variation of phenological metrics, which may 

show the interaction with other possible biotic or abiotic variables (Caparros-Santiago et al., 

2021). 

There are studies of the phenology alterations by climatic factors in forest species in 

Europe (Crabbe et al., 2016; Rodriguez-Galiano et al., 2016) or in the Iberian Peninsula (Gordo 

and Sanz, 2010; Lopez-Trullén et al., 2022); however few studies have shown the effect of 

aridity (temperature rise versus relative humidity; Stephen, 2005) on Mediterranean forest 

phenology in the South of the Iberian Peninsula using time series of vegetation index such as 

NDVI (Reed et al., 2009; Aragonés et al., 2019; Caparros-santiago et al., 2021). This area, 

dominated mainly by species adapted to water stress such as Quercus and Pinus, will be 

impacted by drastic changes in temperature and precipitation (Vicente-Serrano et al., 2014; 

IPCC, 2022; Herraiz et al., 2023). This work has been supported by an actual time series of 

NDVI and climate data (since 1994 to 2021) with a medium spatial and temporal resolution 

(LANDSAT) in a lot of SNFI plots for both deciduous and evergreen species relating to possible 

spatial or temporal phenological alterations (Crabbe et al., 2016). 
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The objective of this work was to understand the effect of climatic factors such as aridity 

on the phenological cycle of the ten most abundant tree forest species in the South of the Iberian 

Peninsula (Castanea sativa, Eucalyptus camaldulensis, Olea europaea, Pinus halepensis, Pinus 

nigra, Pinus pinaster, Pinus pinea, Pinus sylvestris, Quercus ilex and Quercus suber). The 

specific objectives were: 1) to understand the intraspecific effect of aridity on the phenological 

metrics for these species, 2) to know the temporal trends of the main phenological metrics for 

these species in this region. 

2. Material and Methods

2.1. Study area and forest species 

The study area includes the Andalusian region (36 ° - 38.75 ° N, and 7.37 ° - 1.53 ° W, 

WGS84, Fig. 1) with 87268 km2, being the second largest region in Spain (17.3 % of the 

Spanish territory, López Ontiveros, 2002). With 26% of forest area, Andalusia has a high 

orographic variability and contrasting climate types which in part explains its high biodiversity 

(Anaya-Romero et al., 2016). Most of its area has a Mediterranean climate, characterised by 

hot and dry summers (AEMET, 2011). There is a strong climatic gradient East to West from < 

300 mm of accumulated annual rainfall and 20 ºC of annual mean temperature, to 2200 mm of 

accumulated annual rainfall and 17 ºC of annual mean temperature (AEMET, 2011). Although 

there are humid areas with deciduous species, the vegetation of the south of the Iberian 

Peninsula is dominated by evergreen sclerophyllous oak and coniferous forests, with shrub 

communities of semideciduous malacophyllous and drought-resistant species (Khoury and 

Coomes, 2020). According to the predictions of future climate models, this region rich in 

biodiversity will suffer with an increase in temperatures and a decrease in precipitation (IPCC, 

2022). These reasons make it a relevant place for the study of alterations in forest phenology. 

We selected and studied the ten most abundant forest species in 2358 SFNI plots across 

the Andalusian region (in brackets the percentage of plots of each species in Andalusia using 

the National Forest Inventory, ordered by importance): P. halepensis Mill. (Aleppo pine, 24.77 

%), Q. ilex subsp. ballota (olm oak, 18.87 %), P. pinea L. (stone pine, 13.57 %),  P. nigra Arn 

salzmanii (black pine, 12 %), P. pinaster Ait. (maritime pine, 11.5 %), Q. suber (cork oak, 10.2 

%), P. sylvestris L. (scots pine, 4.11 %), Olea europaea (wild olive, 2.76 %), Eucalyptus 

camaldulensis (river red gum, 1.31 %), and Castanea sativa (sweet chestnut tree, 0.93 %, 

Supplementary Material Table S1). 
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2.2. Forest data 

We used the third Spanish National Forest Inventory (SNFI_3), the most recent dataset 

available for the Andalusian region (https://www.mapa.gob.es/), which was executed between 

2006 and 2008 (Fig. 1) obtaining information regarding the abundance of each species. The 

SNFI establishes permanent plots of 50 m of diameter (around 2000 m2)  in a 1 km2 square grid 

across the forest land of Spain. We classified each plot based on the most abundant species 

(highest percentage biomass) inside the plot, the data was filtered to keep plots with 90 to 100% 

of the abundance of target species (Supplementary Material, Table S1). We quantified forest 

biomass for SNFI_3 (i.e. aboveground biomass, Mg ha-1) in each plot as the sum of the biomass 

of trees alive per ha, applying species-specific allometric equations based on the DBH 

(Montero, 2005). We selected plots with a forest density of more than 150 trees ha-1 to avoid 

plots with a low tree cover avoiding confusing the NDVI shrub or herbaceous signal with tree 

forest species signal. 

Figure 1. Spanish Forest Inventory plots in the Andalusian region (b). Black points represent SNFI permanent 

plots. 

2.3. Spectral data 

The need to obtain data with high spatial resolution and with a wide temporal window, 

led to search for data in Landsat datasets (Melaas et al., 2013; Caparros-Santiago et al., 2021). 

The data of the NDVI time series were obtained using the Google Earth Engine cloud-based 

platform (GEE; https://earthengine.google.com) (Gorelick et al., 2017; Patel et al., 2015). More 

than 5000 satellite Landsat scenes from 1994 to 2021 were used to develop NDVI time data 

series. Specifically, Landsat 5 TM (LA05) was used from 1994 to 2000 and Landsat 7 ETM+ 

(LA07) from 2000 to 2021. The use of Landsat scenes from different missions (LA05 and 
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LA07) does not affect the main results as there is a high correlation between the value of the 

spectral bands (Claverie et al., 2015). To minimise the effect of cloudiness, we used the 

maximum value of monthly NDVI. In order to obtain the complete temporal sequence 

throughout all the months during the 28 years, the data series was linearly interpolated in order 

to avoid gaps in the data (clouds and satellite failures). 

This Earth observation long-term program was selected because of its both medium 

temporal (15 days) and spatial resolution (30 m pixel). When data collection from GEE was 

designed, we decided to obtain the NDVI value relative to the pixel within which the coordinate 

was located (30 x 30 m or 900 m2). Otherwise, if we had chosen to link the NDVI value to the 

plot polygon (50 m diameter circle or 1963 m2), we would have had to average the NDVI values 

of up to 9 pixels (8100 m2) and in that case the average NDVI value could be biased with respect 

the NDVI values to each plot (transition of landscapes). In any case, to be sure our approach 

was correct we calculated the NDVI average value for the polygon (25 m buffer) and we 

compared them with the NDVI values obtained for the exact location. Both NDVI values were 

very similar and were strongly related (R2= 0.93). 

As a explanatory variable of the spatial variability in climate, we used an Martonne 

aridity index (which it is obtained using annual mean temperature and annual accumulated 

precipitation averaged along 20 years from WorldClim 2.1) (Hijmans et al., 2005), calculated 

based on the modified Martonne index = 150 - {[MAP] / [MAT + 10]} + {[12 × DMP] / [DMT 

+ 10] / 2} (Stephen, 2005; Salazar et al., 2021), where: MAP is the mean annual accumulated

precipitation, MAT is the mean annual temperature, DMP and DMT are the precipitation and 

temperature in the driest month, respectively. In this way, high values of the aridity index 

indicate high aridity. We did not include MAP or MAT as climatic predictors in the models as 

both were strongly correlated with Aridity index (Aridity-MAP, r = -0.56, P< 2 10-16; Aridity-

MAT, r = 0.83, P< 2.2 10-16). 

2.4. Data processing, obtaining phenological metrics and analysis 

We take the hydrometeorological year as a reference (beginning on September 1 and 

ending on August 30) to understand better periods of vegetative activity in Mediterranean 
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environments. With these maximum monthly values, the spectrophenological curves associated 

with NDVI were obtained for each of the forest formations studied over 28 years.  

The processing and cleaning of the NDVI data raw as a time series was carried out 

following the methodology of Aragonés et al. (2019). Using the Rbeast package (Hu et al., 

2021) R software V.4.2. (R Core Team 2022), the NDVI signal was decomposed in noise, trend 

and season. Next, Noise was eliminated to obtain a "clean" NDVI by adding trend and season 

(Aragonés et al., 2019). 

Despite the existence of numerous approximations and smoothing methods for 

obtaining phenological metrics (Caparros-Santiago et al., 2021), we calculated different 

phenological metrics following the methodology of Garonna et al. (2016) and García et al. 

(2019) (Table 1), which is recommended for cycles with a single growing season as occurs with 

forest species (Jong et al., 2011). Using Derivativ approach and Spline smoothing technique in 

Phenology library (tsgf = "TSGFspline", approach="Deriv" in Greenbrown R package; Forkel 

et al., 2013).  

Using the 28-year time series for each SNFI plot, the nine most important phenological 

parameters per year were obtained (Fig. 2). Start Of Season (SOS) establishes the start of 

photosynthetic activity (point with the highest positive slope) in the phenological cycle, End Of 

Season (EOS) identifies the end of the phenological cycle (point with the greatest negative 

slope), Length Of Season (LOS) as the duration of the period comprising the SOS and the EOS, 

Position of Peak (POP) and Position of Trough (POT) as the points along the cycle with the 

maximum and minimum value respectively of the photosynthetic activity (Jeong et al., 2011; 

Garonna et al., 2016)  (Fig. 2). SOS, EOS, POP and POT indicate the day throughout the year 

(DoY) on which the variable occurs. SOS, EPS, POP and POP are phenological metrics with 

circular (cyclical) logic, so in order to analyse them, specific packages of circular statistics will 

be used (Directional R package: Tsagris and Alenazi, 2022; and Circular R package: Agostinelli 

and Lund, 2022). The mean angles and the angular standard deviation (circular parameters) 

obtained by these packages were subsequently transformed into days of the year (DoY) to 

facilitate analysis and interpretation of these phenological.  

In addition, four metrics related to NDVI were obtained throughout the cycle, such as 

PEAK and TROUGH (maximum and minimum NDVI of the cycle) and MSP and MAU (NDVI 

value for SOS and EOS respectively, Fig. 2). 
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Figure 2. Phenological annual cycle in Castanea sativa (deciduous, A) and Pinus pinaster (evergreen, B) with the 

most important phenometrics. Start of Season (SOS), End of season (EOS), Length of Season (LOS), Peak point 

(POP) and trough point (POT), PEAK (maximum NDVI), TROUGH (minimum NDVI), MSP (NDVI value for 

SOS), and MAU (NDVI for EOS).  

The statistical analysis was carried out on R software V.4.2. (R Core Team 2022). In 

addition to the packages already stated for the treatment of the NDVI signal (Rbeast, Hu et al., 

2021), the obtaining of the phenological metrics (Greenbrown, Forkel et al., 2013) and their 

subsequent angular analysis (Directional, Tsagris and Alenazi, 2021; Circular, Agostinelli and 

Lund, 2022). Zoo packages (Zeileis and Grothendieck, 2005) were used for the interpolation of 

the gaps in the NDVI signal and its management as time series (ts), and tidyverse (Wickham et 

al., 2019) for data processing and its graphic representation. 

To carry out the spatial analysis of each species (intraspecific), the phenological metrics 

of each plot were averaged over time (over the 28 years of data) obtaining a value per plot for 

each phenological. On the other hand, to carry out the temporal trends in a species' phenological 

metrics, all the plots of the same species were averaged for each year, obtaining a temporal 

sequence of 28 annual values for each metric. Data of phenological metrics relative to the days 

of the year (SOS, EOS, LOS, POT, POP) was cleaned of outliers in order to show clearer 

relationships with aridity. In the specific case of POT (DoY), the distribution of the cyclical 

data (distributed in two large blocks, apparently opposite in time) it was necessary to add 365 

to the data with values less than 100 DoY in order to facilitate the interpretation of the 

correlations. 
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Graphically C. sativa shows a differentiated phenological behaviour with respect to the 

evergreen ones with minimums in winter (January-March) and maximums in spring (May-Jule, 

Figs. 3 and 4). This species reached the greatest amplitude (difference between minimum and 

maximum) with a more abrupt cycle between spring and winter (Supplementary Material, Table 

S1). On the other hand, the evergreen species showed NDVI peaks in winter (December and 

February) reaching minimums in summer (July-September, Figs. 3 and 4) when they loosen 

part of the leaves. 

Q. suber showed the highest mean NDVI values among all species while P. halepensis

registered the lowest NDVI values in the cycle (barely reached 0.5). O. europaea seems to have 

a longer period of growth compared to the rest, showing the maximum prolonged in time 

between December and April. 

P. nigra and P. sylvestris (mountain pines) show a different behaviour from the rest of

the pines with a less pronounced maximum between October and December, earlier than the 

rest of the pines. 

Figure 3. Variation of mean NDVI along the hydrometeorological year for the 10 studied species. Mean values 

are averaged along 28 years (1994-2021). 
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A figure 4 showing the differences in the annual cycle of the NDVI of each species. The 

phenological metrics of each species showed similar responses. Regarding the main 

phenological metrics, the SOS for Castanea sativa, a deciduous species, was around April with 

POP around August, EOS in November and POT near to February (Supplementary Material, 

Table S1; Figs. 3 and 4). However, for most evergreen species the pattern was very different, 

even seeming to be opposite. SOS appears around October, POP around January, EOS along 

Apr-May and POT between July and August (Fig. 4). P. nigra and P. sylvestris show an earlier 

cycle than the rest of the evergreen species, a month ahead of the rest of the pines (Fig. 4).  

Figure 4. Circular representation of annual cyclic phenometrics in the 10 most abundant forest species in the 

Andalusian region, SOS (green), POP (blue), POT (orange) and EOS (yellow). 

There are also differences between species in the LOS. The figure 5 represents Post-hoc 

analysis (TUKEY), differentiating up to 6 classes. Although this analysis shows that species 

such as C. sativa, P. halepensis, P. nigra and Q. ilex, have a differentiated LOS, the rest of the 

species seem to have common LOS between them. 

By the other hand, while C. sativa, E. camaldulensis, O. europaea and P. pinea 

presented a well-defined LOS, the rest of the species showed great variability in the growth 

period. C. sativa appears with LOS values close to 210 days while E. camaldulensis, O. 

europaea, P. pinea, Q. suber and Q. ilex are close to 180 days. P. pinaster and P. halepensis, 

with a similar distribution of points, have moved towards LOS values of 170 days. Finally, P. 

nigra and P. sylvestris show the lowest LOS values around 160 days with a more dispersed 

distribution. Shorter growth cycles compared to the rest of the species. 
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Figure 5. LOS violin plot for the 10 studied forest species. Letters show significant differences between species 

through post-hoc TUKEY analysis. 

3.2.  Effect of aridity on species phenology metrics 

We analyse the intraspecific phenological response for each forest species along a 

spatial gradient of aridity. We found that all Pinus and Quercus showed a positive relationship 

between aridity and SOS (Table 1, Fig. 6, Supplementary Material Figure S1). For these 

species, plots located in more arid places seem to delay the start of season (Table 1, Fig. 6, 

Supplementary Material Figure S1). Only more arid plots of C. sativa seem to reduce SOS. 

Regarding EOS, more arid plots of P. halepensis, P. nigra, P. pinaster, P. sylvestris and 

Q. suber show later release of photosynthetic activity (Fig. 6).

Table 1. Response of phenology metrics to aridity. Blue and read means a positive and negative response to aridity, 

respectively. Start of Season (SOS), End of season (EOS), Length of Season (LOS), Peak point (POP) and trough 

point (POT), Peak (maximum NDVI), Trough (minimum NDVI), MSP (NDVI value for SOS), and MAU (NDVI 

for EOS). The colour scale indicates the level of significance. Darker colours mean more significance and light 

colours less significance (from P<0.001 to P<0.05)).  

Averaged aridity 

Phenology metrics SOS EOS LOS POP POT PEAK TROUGH MSP MAU 

C. sativa

E. camaldulensis

O. europaea

P. halepensis

P. nigra

P. pinaster

P. pinea

P. sylvestris

Q. ilex

Q. suber

118



Capítulo 5. Variability of land surface phenology of Mediterranean forests species 

in South of Spain 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

The SOS and EOS of species such as O. europaea, or E. camaldulsensis show not to be 

sensitive to aridity although it do to decrease the LOS except for P. pinea and P. sylvestris 

(Table 1, Supplementary Material Figure S1). Only P. halepensis and P. pinaster in more arid 

places showed longer growth periods. LOS of Quercus species were not influenced by aridity 

(Fig. 6). For POP and POT, in most of the studied species, arid places were related to a delay 

in both the maximum and the minimum of the annual cycle.  

Regarding the phenology metrics related to NDVI, more arid places negatively affect 

the value of PEAK, TROUGH, MSP and MAU in most species. More arid places were related 

to lower NDVI values (Table 1). 

Figure 6. Linear regression between principal phenology metrics and modified aridity Martonne index. 

*Note: Only significant specific regressions appear. In some species, with the aim of clarifying their interpretation,

their value was increased by 365 (EOS in P. sylvestris)

3.3. Analysis of the temporal trend in species phenology and climatic factors 

Regarding temporal analysis, trends can be analysed from various perspectives. On the 

one hand we have the NDVI itself indicating each species trends in time. Then, the temporal 

trends of the different phenological metrics which show the temporal trajectory through the 

annual average of all the plots of the same species. 

All species, except E. camaldulensis showed an increase in NDVI through the time 

(1994-2021). However, as figure 7 shows, depending on the temporal trends, species can be 

divided into two trend types. The first one showed a clear period of growth until the year 2005 

where they stabilised (E. camaldulensis, O. europaea, Q. suber, P. pinaster and P. pinea). The 

second (C. sativa, Q. ilex, P. halepensis and P nigra), showed a positive trend along the whole 

time period (1994-2021).  
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The annual cycles of the mountain pines (P. nigra and P. sylvestris) showed more abrupt 

and irregular changes every year when compared to the rest of the pines, indicating more 

sensitivity to some temporary stimulus (Fig. 7). 

C. sativa, the only deciduous species, shows a cycle with greater amplitude between the

maximum and the minimum (senescence). Considering the evergreen species, P. pinea showed 

the highest NDVI values over time, while Q. ilex reached the lowest values. Most of the species 

register a severe drop in their signal in an initial period and then continue with a period of 

growth which seems to have a new drop around 2007.  

Figure 7.  Temporal trend of NDVI cycles in the period 1994-2021 for the 10 studied forest species. 

*Note: R2 refers to the temporal regression of the averaged annual NDVI values (trend).

As figure 8 shows throughout the time series, all species showed a significant increase 

in mean annual temperatures. This effect is not so clear when the variable studied is 

accumulated precipitation or average aridity (Fig. 8; Supplementary Material Fig. S2). With the 

exception of P. nigra and P. sylvestris where the rise in average temperature throughout the 

series reaches 0.5 ºC, the rest of the species doubles this mark with 1 ºC in the 28 years of the 

series. However, this increases in the average temperature throughout the period does not 

translate into a clear increase in the average annual aridity for each species (Fig. 8; 

Supplementary Material, Fig. S4). 
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Figure 8.  Temporal trend of mean temperature in 1994-2021 period for the 10 studied forest species. 

While principal phenology metrics (SOS, EOS, LOS) did not show significant trends in 

time, all NDVI phenology variables such as PEAK, TROUGH, MSP and MAU showed positive 

correlations with time for most species (Table 2), supporting the temporal dynamics of the 

NDVI in the studied trend series (Fig. 7). Only E. camaldulensis did not show clear changes in 

these phenological NDVI metrics with time (Table 2, Supplementary Material Fig. S2) except 

TROUGH, MSP, MAU. On the other hand, the SOS, POP and POT showed an increase with 

time.  

Table 2. Temporal response of phenology metrics of the 10 studied forest species. Blue and red means a positive 

and negative response with time, respectively. Start of Season (SOS), End of season (EOS), Length of Season 

(LOS), Peak point (POP) and trough point (POT), PEAK (maximum NDVI), TROUGH (minimum NDVI), MSP 

(NDVI value for SOS), and MAU (NDVI for EOS). The colour scale indicates the level of significance. Darker 

colours mean more significance (P<0.001) and light colours less significance (from P<0.001 to P<0.05).  

SOS EOS LOS POP POT PEAK TROUGH MSP MAU 

C. sativa

E. camaldulensis

O. europaea

P. halepensis

P. nigra

P. pinaster

P. pinea

P. sylvestris

Q. ilex

Q. suber
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4. Discussion

Physiological activity and therefore the phenological cycle depend on a multitude of 

biotic and abiotic factors where climate is fundamental, as well as on their possible interactions 

with other abiotic factors (de Jong et al., 2011; Caparros-Santiago et al., 2021). It is important 

to highlight that the studied species show a differentiated land surface phenology than other 

species. For example, while the SOS of many temperate forests are usually described in spring 

when the temperature increases, Mediterranean forests do so between autumn and winter when 

temperatures are milder, and precipitation appears. In the case of EOS, while in temperate 

forests it is autumnal, in the Mediterranean forest is at the beginning of summer when 

physiological activity is limited by water stress. 

We also found a negative effect of aridity on phenology metrics. The temporal analysis 

over the last 24 years registered a positive trend in the NDVI spectral phenological metrics 

(PEAK, TROUGH, MSP, MAU), but without affecting the temporal phenometrics such as 

SOS, EOS, POT, POP or LOS. 

4.1. Characterization of the phenological cycle and its metrics for Mediterranean forest 

species in the south of the Iberian Peninsula 

4.1.1. Annual cycle of NDVI in forest species 

The cycle of physiological activity reflected by the NDVI values show how the activity 

of the evergreen species studied maintains a certain pattern with maximums in winter and 

minimums in summer. This seems to be in disagreement with authors such as Maselli (2004) 

who recorded NDVI maximums in spring and NDVI minimums in winter for Pinus and 

Quercus on the Tuscany coast (Italy). However, several studies with conifers in Mediterranean 

basin found similar annual cycles of NDVI with maximums in autumn and winter (Chéret and 

Denux 2011, Helman et al. 2015, Aragonés et al. 2019). Mediterranean winters with mild 

temperatures and frequent rainfall would be explaining the NDVI maximums found in these 

species (Atzberger et al., 2013); On the other hand, dry summers and high temperatures would 

explain the NDVI minima caused by the reduction in physiological activity (Chéret and Denux, 

2011), even inducing a reduction of leaf area in order to avoid water losses due to transpiration. 

The temperature and precipitation that characterise the different climatic seasons seem to have 

a direct and intense effect on the physiological activity of the plants and therefore on their 

phenology (Richardson et al., 2012; Caparros-Santiago et al., 2021). 
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Regarding the mean NDVI values for each of the species, the recorded values differ 

from those found in the literature. While Santos et al. (2016) or Maselli (2004) registered lower 

NDVI values for Quercus and Pinus respectively, other studies (Aragonés et al., 2019; Chéret 

and Denux 2011) found NDVI values in conifers higher than those obtained here. These 

differences can be possibly due to the influence of the latitude, climate, other abiotic factors 

(Alves et al., 2021) or the influence of the shrubby and herbaceous layer (Piedallu et al., 2019) 

on the reflectance and NDVI values.  

4.1.2. Temporal phenological metrics 

The temporal phenological metrics (DoY, Fig. 4) showed how the SOS in conifers of 

Andalusian region starts between September and October, around 4 weeks later with respect to 

the pines studied by Aragonés et al. (2019). This author shows a SOS for continental P. pinea, 

P. halepensis and P. pinaster in mid-September, and in April for P. nigra and P. sylvestris.

Mediterranean climatic conditions in the South of Spain with higher temperatures at the end of 

summer may be delaying the start of season (SOS) of P. pinea, P. halepensis and P. pinaster. 

These species also showed an earlier EOS between March and April, anticipated 30-60 days 

with respect to Aragonés et al. (2019). Possibly, southern populations of pines are subjected to 

hotter springs and summers with lower humidity than the rest of the Iberian Peninsula 

(Atzberger et al., 2013) anticipating the end of season (EOS).   

Surprisingly, SOS of the mountain pines (P. nigra and P. sylvestris) were more than 120 

days later compared to those studied by Aragonés et al. (2019).  While this author located SOS 

and EOS in May and February respectively, the populations studied in Andalusia place their 

SOS and EOS in September and February respectively. Comparing our results, these two 

species, showing a certain time lag in phenological cycles (around 30 days advance time in all 

phases), maintain a certain similarity with the phenology of the rest of the pines studied. Several 

reasons can explain the behaviour of these high mountain species. The first may be due to the 

Mediterranean climate, the populations of these introduced pinus species (Vadell and Pemán, 

2016), generally adapted to more continental climates (Jaime et al., 2019), have modified their 

cycles to adapt to the Mediterranean conditions (Heres et al., 2012). It is also possible that 

genetic differences between populations are influencing the variability of the phenological 

behaviour of these reforestation species (Taïbi et al. 2015, Menzel 2002), as showed by 

Aragonés et al. (2019) in P .nigra. It is possible that the vegetation structure (shrub, herbaceous 

and tree coverage) may have change drastically since the last SFNI; thus, the NDVI signal 
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registered for the plot might not represent the forest type (Melaas et al., 2013; Helman et al., 

2015), not updated since its SNFI third edition in 2007. In that sense, some studies have 

registered high tree mortality and problems of decline, showing a high sensitivity of these 

species to the characteristic droughts of the Mediterranean climate, which could have 

compromised their long-term development and their spectral response in time (Heres et al. 

2012, Jaime et al. 2019). 

For the rest of evergreen species (E. camaldulensis, O. europaea, Q. ilex and Q. suber) 

the EOS is similar among them, slightly delayed compared to most conifers (about 30 days). 

This is possibly due to a strong anisohydric mechanism to face water stress more efficiently 

than pines (Sterck et al., 2008; Quero et al., 2011), which makes it possible to maintain the 

physiological activity until the arrival of the high temperatures of the Mediterranean summer. 

Although some authors such as Schaber and Badeck (2003) or Isaacson et al. (2012) have 

studied the phenology of some deciduous Quercus located in more northern latitude; there are 

few studies on the phenology of these evergreen species characteristic of Iberian Mediterranean 

forests (Gordo and Sanz, 2010; Caparros-Santiago et al., 2021). This makes it difficult to 

analyse the possible phenological variations that these species may be suffering. 

Regarding the period of growth (LOS), species such as C. sativa, E. camaldulensis, O. 

europaea and P. pinea showed little intraespecific variability, possibly due to having well-

grouped populations with similar abiotic conditions. However, the LOS variability (150-200 

days) was found in P. halepensis, P. pinaster, Q. ilex and Q. suber, possibly explained by other 

abiotic factors. Several studies record the intraspecific phenology variability attributed to a 

geographic gradient of abiotic factors, as photoperiod or soil moisture affecting the start, length 

and end of season (SOS, LOS and EOS) (Schaber and Badeck, 2003; Hadley et al., 2008; 

Caparros-Santiago et al., 2021). 

 In that sense, LOS values for pines were different compared to those studied by 

Aragonés et al. (2019). Aragonés et al. (2019) found growth periods close to 300 days for pines 

species, but the mean values of LOS found in our study are between 160 and 180 days (P. 

halepensis, P. pinaster, P. pinea), and 230 days for P. nigra or P. sylvestris. LOS values that, 

as we discussed before, are a consequence of later EOS for the populations studied by Aragonés 

et al. (2019). These intraspecific differences can be due to the limiting effect of climate (Jeong 

et al., 2011; Richardson et al., 2013; Crabbe et al., 2016) due to latitude and altitude differences 

(Liu et al., 2016). Specifically, we must underline the limiting role that the Mediterranean 

climate (semi-arid) plays in the physiological activity of plants (Quero et al., 2008, Herraiz et 
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al., 2023). Many of the plots studied by Aragonés et al. (2019) are located in places with milder 

summer temperatures and higher annual rainfall than the selected plots in our study region. 

Furthermore, Atzberger et al. (2013) supports the LOS values found for the evergreen species 

studied: the LOS would be limited by an SOS located between October and December and an 

EOS between January and March. This would justify the intraspecific differences found for the 

studied pines. 

Another possible reason for the results to be different from those of Aragonés et al. 

(2019) may be due to smoothing techniques. Despite having filtered the outliers before the 

formulation of the linear models, different smoothing techniques have been able to generate 

phenological metrics that are distant from those found in the literature (Aragonés et al., 2019), 

which is limited to few references for the species and conditions studied (Caparros-Santiago et 

al., 2021). While authors such as Atkinson et al., (2012) define few differences between the 

smoothing methods, others such as Lara and Gandini (2016) did find significant differences 

between techniques. It is therefore necessary to carry out comparative analysis between 

approximations and smoothing techniques to compare the possible differences between metrics 

(Caparros-Santiago et al., 2021), especially the LOS (Lara and Gandini, 2016). 

4.2. Intraspecific effect of aridity on species phenology 

4.2.1.Temporal phenometrics 

As several authors recognize, how the intensity of the intraspecific response to a 

gradient of environmental factors in the different phenological metrics (Gordo and Sanz, 2010; 

Jeong et al., 2011). A large number of studies have analysed the effect of rainfall and especially 

the effect of temperature on phenology (Linderholm, 2006; Jeong et al., 2011). However, there 

are no examples in the literature that study the effect of aridity on it (but see Caparros-Santiago 

et al., 2021). The combination of different temperature and rainfall pattern causes an aridity 

gradient throughout the Andalusian region (Vicente-Serrano et al., 2013) that unevenly affects 

each of the phenometrics of forest species. 

The positive correlation between SOS and aridity, present in all Quercus and Pinus 

species, agrees with what has been discussed by various studies (Santos et al. 2016, Liu et al. 

2016). More arid places can force a later start of SOS in these species, until the arrival of the 

rains and the drop in temperatures, which can be delayed until the end of the Mediterranean 

autumn (Atzberger et al., 2013). 
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A similar positive relationship with aridity occurred for EOS, particularly for some 

species (P. halepensis, P. nigra, P. pinaster, P. sylvestris and Q. suber) showing later EOS in 

most arid places. Jeong et al. (2011) describes EOS delaying up to 8 days per decade due to 

warmer autumn in the 2000s Europe temperate forests. On the contrary, the EOS of 

Mediterranean evergreen species studied is located at the beginning of summer when 

photosynthetic activity is limited due to water stress and high temperatures. This intraspecific 

sensibility to aridity could be related to a spectrum of functional traits adaptations to as a 

strategy to water stress (Salazar et al., 2021). Da Silva et al. (2022) have related phenological 

metrics with functional traits, allowing intraspecific physiological adaptations to allow for later 

EOS in more arid locations. In this sense, we cannot rule out that other variables as latitude or 

altitude can play a relevant role on the intraspecific variability of EOS (Liu et al., 2016; 

Caparros-Santiago et al., 2021), as well as it also happens with NDVI (Tucker et al., 2001; Xue 

et al., 2021).  

On the other hand, the EOS of species such as E. camaldulensis, O. europaea, P. pinea 

or Q. ilex is striking, the latter even with a wide spatial distribution, not being sensitive to aridity 

showing resilience to aridity (Gazol et al., 2018; Khoury and Coomes, 2020). 

The intraspecific response of LOS versus aridity was not homogeneous. While more 

arid places in E. camaldulensis, O. europaea, P. pinea and P. sylvestris showed shorter growth 

periods (Piraino, 2020).  P. halepensis and P. pinaster seemed to increase LOS in more arid 

places such as Linderholm (2006) recorded. These pines species are adapted to climates with 

low rainfall and high temperatures where other pines fail to develop (Cherif et al., 2019; 

Rodriguez-Vallejo and Navarro-Cerrillo, 2019), thus, were chosen to reforest large regions 

(Heres et al., 2012; Aguadé et al., 2015; Vadell and Pemán, 2016). In this sense, a broader LOS 

must be interpreted with caution since, although it may mean greater biomass and forest 

productivity, it can also cause negative ecological imbalances (Linderholm, 2006). 

Finally, Quercus species showed LOS insensitivity to aridity. This strengthens the 

hypothesis of physiological adaptation in these species to resist this type of environmental 

conditions (Santos et al., 2016; Petroselli et al., 2013; Gazol et al., 2018; Khoury and Coomes, 

2020). Although SOS and EOS of these species were affected by aridity, it is possible that 

functional strategies defended by Salazar et al. (2021), Villar et al. (2008) and Sterck et al. 

(2008) may be allowing, at least for now, the plasticity necessary to tolerate this aridity gradient. 

The delay in both the SOS and EOS of most of the species studied (Pinus and Quercus), 

also seems to be related to other less studied phenological metrics such as POP and POT. More 
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arid places delayed the moment of maximum and minimum growth (POP, POT respectively). 

In the same way that it has been justified in the SOS and EOS, the intraspecific sensitivity of 

these phenometrics to aridity can be related to the optimum temperature and precipitation. Thus, 

more arid places can suffer for a longer time with high temperatures and lack of precipitation, 

which would cause later maximum activity (towards winter). Possibly a delay in the maximum 

could justify a delay of the entire annual cycle, pushing the minimum to later dates. This could 

mean facing extended water stress, impacting on physiology and morphology. 

4.2.2. Spectral phenometrics 

Regarding the phenological metrics related to NDVI (PEAK, TROUGH, MSP, MAU), 

the photosynthetic activity of most species showed a clear negative response to aridity. Arid 

places imply stressful situations with high temperatures and low rainfall. This forces the 

stomatal closure of the plants, causing a drastic reduction in photosynthetic activity, even in 

plants with adaptive mechanisms to these situations (Quero et al., 2008). NDVI as a proxy for 

photosynthetic activity (Birky, 2001) reflects a strong intraspecific response to aridity (He et 

al., 2019; Miranda et al., 2020). However, some pine species (P. halepensis, P. nigra, P. 

sylvestris) did not show significant relationships between these metrics and aridity. P. 

halepensis is strongly adapted to water stress conditions (Campo et al., 2007; Cherif et al., 

2019), that would explain the insensitivity of NDVI to aridity, as already discussed in LOS. In 

the case of P. nigra and P. sylvestris, these two species have a very narrow geographical and 

climatic delimitation, without much variability, a reason that can explain the lack of response 

of these phenological metrics with aridity (López-Tirado and Hidalgo, 2014). 

4.3. Analysis of the temporal trend in species phenology 

4.3.1. NDVI and phenometrics trends 

The alterations that climate change may be causing on forest phenology and physiology 

do not seem to affect the intensity of photosynthetic activity (Linderholm, 2006); which may 

seem contradictory. 

There are a large number of studies that analyse the temporal phenological response of 

deciduous forest masses in the northern hemisphere (Linderholm, 2006; Jeong et al., 2011; 

Caparros-Santiago et al., 2021). However, few studies specifically analyse the phenological 

response of evergreen forest species for southern latitudes, especially in the Mediterranean 

basin (Caparros-Santiago et al., 2021). 
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In this sense, Maselli (2004) found negative NDVI temporal trends for Pinus and 

Quercus in coastal regions of Italian Tuscany, especially for summer periods. However, many 

other studies such as ours results show temporal trends of forest greening (de Jong et al., 2012; 

Cortés et al., 2021; Pravalie et al., 2022), even in Iberian Peninsula forests (Alcaraz-Segura et 

al., 2010). This may be due to an effect of environmental fertilization by CO2 possibly caused 

by anthropogenic activities (Zhu et al. 2016). It is also possible that forest management and 

conservation policies together with the abandonment of formerly agricultural areas could be 

responsible for the greening (Khoury and Coomes, 2020).  

We found that most species showed a sustained greening over time (positive trend of 

NDVI with time). This can be positively interpreted indicating that species such as Q. ilex, P. 

nigra or P. halepensis show forest masses still growing and regenerating, far from the maturity 

that other species such as E. camaldulensis or O. europaea have already been able to reach. It 

is worth noting the stability trends of some species often used in productive cycles (E. 

camaldulensis, P. sylvestris, P. pinaster). Temporary trend that due to the high densities 

adopted in the reforestation plans (Vadell and Pemán, 2016) may have limited or accelerated 

growth. On the other hand, other species such as Q. suber have been able to undergo intense 

anthropic management (economic cork extraction, Santos et al., 2013) limiting their 

regeneration, density and growth, stagnating their temporal trend. An effect that, on the 

contrary, has not been found in the same species (P. halepensis, P. nigra, P. pinaster, P. pinea 

and P. sylvestris) by Aragonés et al. (2019). It is possible that although the NDVI signal used 

by Aragonés once decomposed (Rbeast) ended up removing the trend, leaving seasonality 

barely reflected. On the other hand, it is also possible that many of the selected plots are subject 

to periodic extractions, which may affect the temporal NDVI trends of these species.  

Although with positive trends, P. nigra and P. sylvestris showed erratic and abrupt 

changes which may indicate a greater sensitivity in the minimum (trough) where summer 

appears different from what was shown by Aragonés et al. (2019). In the case of P. nigra, Forner 

et al. (2018) or López-Tirado and Hidalgo (2014) showed intra- and interannual plasticity of 

this species recovering from extreme droughts (2009 and 2013), which can help to understand 

his resilience, and the positive dynamics of its continuous temporal trend. This dynamic does 

not seem to be replicated in P. sylvestris. Although some authors came to model its ecological 

niche of distribution for this region, without problems for the perpetuation of this species 

(López-Tirado and Hidalgo, 2014; 2015), other authors related serious problems of decline and 

mortality related to the lack of climatic suitability (Heres et al., 2011; Jaime et al., 2019; 
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Margalef-Marrase et al., 2020) in reforestation plans (Vadell and Pemán, 2006). For these 

reasons, may be that P. sylvestris stagnated its temporal trend due to adaptation problems with 

Mediterranean temperatures and rainfall. 

The analysis of the temporal trends of the phenological spectral metrics (PEAK, 

TROUGH, MSP, MAU) showed the positive relationships with time, which agree with the 

NDVI previous results. These temporary tendencies were compared with the tendencies of the 

average annual temperature and the annual accumulated precipitation, intrinsic variables of 

aridity. To understand the possible effects of aridity on phenology, temporal trends were 

compared with trends in mean annual temperature and annual accumulated precipitation, 

intrinsic variables of aridity. 

In this sense, the clear increase in mean annual temperatures over time seems not to 

affect the main phenological metrics such as SOS, EOS or LOS as it has been found in other 

studies (Jeong et al., 2011; Crabbe et al., 2016; Richardson et al., 2013). Although the 

temperature shows considerable increases over time for all species; phenological metrics are 

insensitive to this variable. These species have developed physiologically strategies to tolerate 

higher temperatures, typical of Mediterranean climate (Quero et al., 2008; Gazol et al., 2018; 

Khoury and Coomes, 2020).  

On the other hand, it is striking how the accumulated annual precipitation does not 

change over time (Supplementary Material, Fig. S4). Which makes us think that as Ivits et al. 

(2014) and Yang et al. (2016) defend, in semi-arid climates such as the Mediterranean, rainfall 

is the limiting factor that can affect both phenology and physiology. It would be interesting to 

relate the years with records of extreme precipitation with the phenological metrics for each of 

the species. We should even temporarily study whether changes in seasonal rainfall may be 

affecting the phenology of these species, analysing the relevance of each season on phenology. 

In any case, we must be cautious of the spectral and phenological trends of the forest species. 

Some studies (Vicente-Serrano et al., 2014) predict a future decrease in precipitation that could 

intensely affect the phenology of these species in the region. 

 As aridity factors, temperature and precipitation play a relevant role on the phenological 

cycle of forest species. However, according to what was observed in this work, future changes 

in the rainfall regime could affect the phenology, physiology and ecology of the studied 

Mediterranean species. 
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Evergreen forest species from the south of the Iberian Peninsula were characterised by 

having a differentiated phenological cycle with winter SOS and late spring EOS. Aridity, as a 

combination of annual mean temperature and annual accumulated precipitation, showed a 

intraspecific positive effect, delaying SOS and EOS, and having a negative effect on NDVI-

related metrics for most species. Although the average annual temperature is increasing over 

time, most species did not show any trends in the main phenological metrics. We found that the 

metrics related to NDVI were positive with time, showing continuous greening in time. 
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Supplementary Material 

Table S1. Mean and standard error of phenometrics. Start of Season (day of year, SOS), End of Season (day of year, EOS), Length of Season (LOS, day in year), Position of 

Peak (day of year, POP), Position of Trough (day of year, POT), Peak of NDVI (PEAK), Trough of NDVI (TROUGH), NDVI value of SOS (Moment of Spring, MSP), 

NDVI value of EOS (Moment of Autumn, MAU). 

Species 
SNFI 

plots 
SOS (DoY) EOS (DoY) LOS (Day) POP (DoY) POT (DoY) 

PEAK 

(NDVI) 

TROUGH 

(NDVI) 
MSP (NDVI) MAU (NDVI) 

Castanea sativa 22 101,62±0,46 311,37±0,32 202,4±21,6 200,47±0,38 20,08±0,42 0,67±0,04 0,41±0,04 0,54±0,04 0,55±0,04 

Eucalyptus 

camaldulensis 
31 288,17±0,4 110,72±0,41 174,12±26,9 5,86±0,38 200,09±0,39 0,58±0,04 0,4±0,05 0,49±0,04 0,49±0,04 

Olea europaea 65 294,04±0,24 127,09±0,2 184,35±24,4 18,15±0,17 210,82±0,26 0,66±0,04 0,47±0,05 0,57±0,03 0,57±0,03 

Pinus halepensis 584 278,02±0,32 91,02±0,42 172,02±23,1 364,92±0,34 187,4±0,3 0,51±0,04 0,37±0,04 0,44±0,03 0,44±0,03 

Pinus nigra 283 255,32±0,97 39,39±0,88 174,64±30,7 338,58±0,99 152,35±0,91 0,56±0,04 0,45±0,05 0,52±0,04 0,52±0,04 

Pinus pinaster 271 275,59±0,4 86,72±0,54 171,44±28,1 361,93±0,45 185,13±0,41 0,6±0,04 0,47±0,05 0,54±0,04 0,54±0,04 

Pinus pinea 320 281,82±0,17 104,24±0,25 175,85±22,2 3,58±0,17 193,29±0,15 0,65±0,05 0,47±0,06 0,56±0,04 0,56±0,04 

Pinus sylvestris 97 228,17±1 27,07±0,7 179,57±33,5 319,76±1 125,08±0,9 0,56±0,04 0,47±0,05 0,53±0,04 0,53±0,04 

Quercus ilex 445 290,05±0,41 114,34±0,54 177,54±28,5 10,76±0,45 203,34±0,43 0,57±0,04 0,4±0,05 0,5±0,04 0,5±0,04 

Quercus suber 240 269,71±0,79 86,34±0,9 176,62±30,8 356,15±0,86 181,11±0,69 0,7±0,03 0,57±0,05 0,63±0,03 0,63±0,03 
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Table S2. Mean and standard error of biotic (forest density), abiotic and spectral (NDVI) factors. 

Species SNFI3 forest 

density 

Accumulated 

Pre (mm) 

Mean Temp Aridity 

Modif 

NDVI 

mean 

NDVI_sum AMP (NDVI) 

Castanea sativa 291,62±145,2 719,96±41,1 14,47±0,4 73,67±2,7 0,56±0,1 188,29±17,4 0,43±0,1 

Eucalyptus 

camaldulensis 495,74±284,7 561,93±127,1 16,92±0,7 90,52±10,1 0,49±0,1 164,09±28,1 0,44±0,2 

Olea europaea 413,74±306 654,65±101,2 16,67±0,9 83,97±7,2 0,57±0,1 189,91±28,3 0,46±0,2 

Pinus halepensis 487,35±320,9 470,85±90,5 13,77±1,4 92,82±7,4 0,44±0,1 147,35±32,4 0,37±0,1 

Pinus nigra 661,96±459,3 570,34±58,8 10,56±0,9 74,98±7,6 0,51±0,1 171,29±31,2 0,45±0,2 

Pinus pinaster 557,09±409,4 551,32±103,9 12,94±1,9 83,88±8,5 0,53±0,1 179,72±31,6 0,46±0,2 

Pinus pinea 
444,55±370,8 534,95±84,3 16,49±1,1 91,75±7,2 0,55±0,1 186,17±29,5 0,49±0,2 

Pinus sylvestris 863,48±567,4 682,38±57,7 8,87±0,9 60,76±8,2 0,51±0,1 171,79±33,7 0,47±0,2 

Quercus ilex 449,96±362,3 562,27±90,5 14,35±2,1 85,07±8,6 0,49±0,1 164,49±31,2 0,43±0,2 

Quercus suber 
324,57±222,6 743,71±104,4 16,03±1,1 76,57±7,7 0,65±0,1 218,3±28,7 0,49±0,3 
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TROUGH 

MSP 

MAU 

Figure S1. Regressions between phenology metrics (SOS, EOS, LOS, POP, POT, PEAK, TROUGH, MSP, 

MAU) and aridity for the 10 studied forest species. The value of R2 and the significance are shown. 
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Figure S2. Temporal evolution of average annual mean temperature (MAT) (A) accumulated annual 

precipitation (MAP) (B), and Martonne Aridity index (AI), (C) between 1994 to 2021 for each of the 10 

forest species studied.  
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TROUGH

MSP

MAU 

Figure S3 Regression between phenology metrics (SOS, EOS, LOS, POP, POT, PEAK, TROUGH, MSP, 

MAU) in time. 
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Abstract 

One of the main challenges under global warming is understanding and predicting the effects 

of increased aridity on the carbon sink role of forests, particularly in Mediterranean regions. 

Forest inventories monitor the real state of the forest at a high temporal and financial cost. 

Cloud computing tools and high spatio-temporal resolution datasets generate fast and low-cost 

remote sensing data. Our objective is to understand the underlying variables explaining carbon 

storage (aboveground biomass) and forest productivity of Mediterranean forests using remote 

and in field-based variables and predict expected future trends. Then, we quantify the potential 

effects of a hypothetical increase in aridity under climate change on aboveground biomass and 

forest productivity. We included remote sensing indices (NDVI), abiotic factors (climate, soil 

and topography) and biotic factors (forest structure) as key variables of forest biomass and 

productivity in a large and heterogeneous Mediterranean region (Andalusia, southern Spain). 

We used around 7000 forest plots from the second and the third Spanish National Forest 

Inventory (1995 and 2006) considering the eight most abundant species (Olea europaea, Pinus 

pinea, P. pinaster, P. halepensis, P. nigra, P. sylvestris, Quercus ilex subsp ballota, and Q. 

suber). The variance explained by the models ranged from 25% in Q. ilex forests to 65% in P. 

sylvestris forests. Aridity affected all-species and Quercus biomass and most productivity 

models. NDVI and tree density had a strong positive effect on forest biomass and productivity 

with a significant interaction effect in all-species models, whereas aridity had a negative effect 

on both. The predicted increase in aridity under future climate change scenarios could seriously 

reduce forest biomass by 18% and productivity by 16%. Our study suggests that aridity is a key 

factor determining forest biomass and productivity in Mediterranean forests, that could 

potentially lead to reductions of their carbon sink role. 

Keywords: Aridity, forest structure, National Forest Inventory, NDVI, satellite-remote 

variables 

Abbreviations1 

1
 AGB: Aboveground biomass, BS: Base saturation, EVI: Enhanced Vegetation Index, FP: forest productivity, GEE: Google Earth 

Engine,G. LM: General Linear Model, GLMM: Generalised Linear Mixed Model, NDVI: Normalised Difference Vegetation Index, 
NDVIsum: integral of  monthly max NDVI along SNFIs period, NDVIdiff: Difference of annual mean between SNFIs, OM: Organic matter,  

PCA: Principal Component Analysis; SNFI: Spanish National Forest Inventory, LIDAR: Light Detection And Ranging. 
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1. Introduction

Forests host a large part of biodiversity (Hill et al., 2019; Santos et al., 2016) and provide 

important ecosystem services to society such as regulation of climate and water, protection 

against soil erosion, primary production, and recreation (Anaya-Romero et al., 2016; García et 

al., 2020; Mori, 2017). Furthermore, forests represent 31% of the land cover worldwide (Anaya-

Romero et al., 2016; FAO, 2022) and play a key role in the global carbon cycle (Pan et al. 

2011). The aboveground forest biomass (i.e. the amount of tree organic live matter accumulated 

per area, AGB) is a widely studied variable that informs about forest structure and function 

(Montero et al., 2005; Pecl et al., 2017; Sar and Further, 2020). Forest productivity, or the 

variation of aboveground biomass of trees over time, is the quantitative forest gain that 

determines forest biomass (Keeling and Phillips, 2007; Ruiz-Benito et al., 2014; Salazar et al., 

2021). Positive forest productivity indicates the accumulation or sequestration of carbon from 

the atmosphere, a potential timber production and the increase of the related ecosystem services 

(Creutzburg et al., 2017; Keeling and Phillips, 2007; van der Plas et al., 2018). Negative forest 

productivity can be due to greater tree mortality than growth, either due to forest management 

(e.g. removing timber and biomass, Kohyama et al., 2019), environmental and structural 

conditions (Astigarraga et al., 2020), or climatic stress (McDowell et al., 2008). 

The negative effects of climate are being exacerbated under climate change, particularly 

rainfall reductions and temperature increases can be key determining tree demography and 

ecosystem functioning (IPCC, 2014; van der Plas et al. 2018). In fact, it is being observed that 

climate change and forest disturbances are leading to loss of forest biomass and biodiversity, 

modification of forest multifunctionality, and decreased habitat quality (Berdugo et al., 2020; 

Pecl et al., 2017; van der Plas et al., 2018). The negative effects of climate change can be 

nonlinear through time due to the increased climate sensitivity of forests (e.g. Astigarraga et 

al., 2020; Nabuurs et al., 2013) that could affect carbon sequestration (estimated at 34%, 

Keenan and Williams, 2018). Despite the efforts in understanding climate change effects on 

forests and predicting potential responses of forests to climate change there is a high uncertainty 

(Yousefpour and Gray, 2022). The availability of data to inform about climate change effects 

on forests is key to fill this gap and it is increasing exponentially. In addition, the combination 

of complementary data is critical to further understand forest structure and dynamics at large 

spatial extents (Ruiz-Benito et al., 2020).  
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National Forest Inventories (NFI) are initiatives that provide periodic and systematic 

information available at tree and plot level in situ. NFI monitors the state, demographic 

responses, and compositional forest changes in the face of global change (e.g. Ruiz-Benito and 

García-Valdés, 2016; van der Plas et al., 2018; Vayreda et al., 2012). However, field data NFI 

gathering is relatively expensive and time-consuming (Alberdi et al., 2017; Durante et al., 

2019), whereas the combination of forest inventory data with remote information can further 

inform about spatio-temporal trends (i.e. with more continuous data, Jucker et al. 2022; White 

et al., 2016). All this allows an increased resolution of data about forest biomass and 

productivity, and their underlying factors (Patel et al., 2015; Ruiz-Benito et al. 2020; Soenen et 

al., 2010). Therefore, the use of remote information from multispectral data and abiotic 

information, could be used together with field information to better understand and predict 

patterns of forest biomass and productivity (Lister et al., 2020). 

Remote sensing information about NDVI (Normalised Difference Vegetation Index) 

can be related to plant photosynthetic efficiency and used as a proxy of vegetation quantity and 

type (Chuvieco, 2008; Xue and Su, 2017), although not all photosynthetic activity can be 

transformed into biomass or productivity (Babst et al., 2021). NDVI has no mechanistic 

relationship with plants, however it has been related to the leaf mass content, plant 

development, health and growth (Zhu and Liu, 2015). NDVI can be more informative of 

community than tree level processes (e.g. Moreno-Fernández et al. 2021). Furthermore, there 

are few studies that use complex NDVI metrics as cumulative NDVI, mean NDVI, or NDVI 

differences over time as inputs to model forest biomass and productivity. These spectral metrics 

can be relevant proxies of biomass, productivity or changes in productivity through time (but 

see Cerrudo et al., 2017; Junges et al., 2017). 

Several abiotic factors have direct effects on forest biomass and productivity as 

temperature, precipitation, or evapotranspiration (Keeling and Phillips 2007; Keith et al., 2009; 

Stegen et al. 2011); texture or organic matter in the soil (Grigal and Vance, 2000); and 

topography (Blackard et al., 2008; Scholten et al., 2017). Although forests can be resilient to 

changes in climate (Khoury and Coomes, 2020), it is likely that the responses of forest biomass 

and productivity vary with climate change (Astigarraga et al., 2020; Herraiz et al., 2017; 

Scholze et al., 2006), even affecting the forest structure and composition (e.g. Ruiz-Benito et 

al. 2017, Astigarraga et al. 2020). The effects of temperature increase, and precipitation 

decrease due to climate change on ecosystem productivity are uncertain (Liu et al., 2012). 
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Climate change could alter CO2 concentration, microbial soil activity, the water system balance 

and plant respiratory cost, impacting differently forest growth period, productivity and 

demography (Astigarraga et al., 2020; Grijal and Vance, 2000; Zhu et al., 2018). For these 

reasons, it is necessary to study the possible consequences of an increase in aridity on forest 

biomass and productivity in ecosystems already subjected to severe water stress, such as the 

Mediterranean forests (Astigarraga et al., 2020; Gómez-Aparicio et al., 2011; Ruiz-Benito et 

al., 2013). In fact, several studies (Aguirre et al., 2019, Condés et al., 2020 and Salazar et al., 

2021) have recently found a negative effect of aridity on the productivity of pine and oak species 

in the Iberian Peninsula. Furthermore, although an increase in future aridity can lead to spatial 

changes in the composition, structure and distribution of species (Garzón et al., 2008; Jump et 

al., 2005), the effects of increased aridity under climate change at large spatial extents are not 

completely understood. 

To better understand how remote variables including spectral, abiotic (climatic, edaphic, 

and topographic), and structural factors underlie forest biomass and productivity we 

parameterised forest biomass and productivity models for the eight most abundant forest 

species in southern Spain (Andalusia) using data available from permanent plots of the Spanish 

National Forest Inventory (SNFI). Our specific objectives were to: (1) quantify and compare 

forest biomass and productivity in all forests and the eight most abundant forest species in 

Andalusia; (2) quantify the relative importance of spectral, structural, and abiotic variables on 

aboveground forest biomass and productivity and, (3) determine how future climate projections 

in aridity may affect forest biomass and productivity. Our methodology could be applied to 

automatically monitor forest biomass and productivity for large areas and from short- to long-

term periods, emphasising the complementarity of techniques as forest inventories and remote 

sensing data. The projection of future forest biomass and productivity based on climate 

scenarios for mid- and late-century, can help to better understand potential changes and how it 

affects the most common species.  

2. Material and Methods

2.1. Study area and forest species 

The study area includes the Andalusian region (36 ° - 38.75 ° N, and 7.37 ° - 1.53 ° W, 

WGS84, Fig. 1) with 87268 km2, being the second largest region in Spain (17.3 % of the 

Spanish territory, López-Tirado, 2016). Andalusia has a high orographic variability and 

contrasting climate types which in part explains its high biodiversity (Anaya-Romero et al., 
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2016). Most of its area has a Mediterranean climate, characterised by hot and dry summers 

(AEMET, 2011). There is a strong bioclimatic gradient from Natural Area of Sierra de 

Alhamilla (36.98 °N 2.35 °W), < 300 mm of accumulated annual rainfall and 20 ºC of annual 

mean temperature, to Grazalema National Park (36.73 °N 5.37 °W) with 2200 mm of 

accumulated annual rainfall and 17 ºC of annual mean temperature (AEMET, 2011). Although 

there are humid areas with deciduous species, the vegetation of the south of the Iberian 

Peninsula is dominated by evergreen sclerophyllous oak and coniferous forests, with shrub 

communities of semideciduous malacophyllous and drought-resistant species (Blanco et al., 

1996).  

In addition to studying all the SNFI plots as a whole (total number 6924 plots)  

(Supplementary Material, Table S1), we selected and studied the plots of the eight most 

abundant forest species including 6379 plots across the Andalusian region (in brackets the 

percentage of plots of each species in Andalusia using the National Forest Inventory): Olea 

europaea (wild olive) (4%); five Pinus species: P. pinea L. (stone pine) (11%), P. nigra Arn 

salzmanii (black pine) (9%), P. halepensis Mill. (Aleppo pine) (18%), P. pinaster Ait. 

(Maritime pine) (11%) and P. sylvestris L. (Scots pine) (3%); and two Quercus species: Q. ilex 

subsp. ballota (olm oak) (31%) and Q. suber (cork oak) (13%) (Supplementary Material, Table 

S1).  

Figure 1. Location of Spanish National Forest Inventory plots in Andalusian region (South of Spain) and forest 

cover (from www.mapa.es). 

2.2. Forest biomass and productivity 

We used the most recent information from the Spanish National Forest Inventory 

(SNFI) dataset available for the Andalusian region (https://www.mapa.gob.es/), the second 

153

https://www.mapa.gob.es/es/desarrollo-rural/temas/politica-forestal/inventario-cartografia/inventario-forestal-nacional/default.aspx


Capítulo 6. Modelling aboveground biomass and productivity and the impact of climate change in 

Mediterranean forests of South Spain 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

(SNFI_2) between 1995 and 1997, and the third (SNFI_3) between 2006 and 2008 (Fig. 1). The 

SNFI establishes permanent plots in a 1 km2 square grid across the forest land of Spain. Plots 

were sampled following concentric subplots of 5, 10, 15 and 25 m radius for which diameters 

and heights of all trees with diameters at breast-height (d.b.h.) of at least 7.5, 12.5, 22.5 and 

42.5 cm were measured, respectively for each subplot (Alberdi et al., 2016; Durante et al., 

2019). Then, we classified each plot based on the most dominant species (highest percentage 

of biomass) inside the plot, finding plots from 30 (mixed plots, with several species) to 100% 

of the abundance of target species (mean values between 87-94% for the eight species studied 

independently, Supplementary Material, Table S1). We quantified forest biomass (i.e. 

aboveground biomass, AGB, Mg ha-1) in each plot applying species-specific allometric 

equations based on the d.b.h. (Montero, 2005; Supplementary Material, Table S2). We 

calculated total forest biomass in each plot as the sum of the biomass of trees alive per ha (AGB, 

Mg ha-1) for the two forest inventories (SNFI_2 and SNFI_3). We calculated forest productivity 

(FP, Mg ha-1 year-1) as the biomass increment per plot area divided by the time period between 

forest inventories (approximately 11 years) considering only the biomass increment of the same 

lived trees of the second and third forest inventory (Ruiz-Benito et al., 2014). Therefore, we did 

not consider ingrowth (i.e. new trees between inventories, Kohyama et al., 2019) that can 

increase productivity due to the sampling plots design with variable radius depending on tree 

size (Supplementary Material, Fig. S1). Forest productivity (Mg ha-1 year-1) is calculated as the 

difference in forest biomass between consecutive inventories divided by the number of years 

between inventories. 

2.3.  Spectral, abiotic and structural factors as potential proxies of forest biomass and 

productivity 

Three groups of explanatory variables were used as potential factors of forest biomass 

and productivity, including: (1) spectral vegetation indices based on NDVI, (2) abiotic variables 

(climatic, topographic, and edaphic) and (3) structural variables (tree density) (Supplementary 

Material, Table S3). 

Three different ways to calculate NDVI were used to explain forest biomass and 

productivity: (1) NDVIAn mean is the mean annual NDVI (i.e. a mean value of the year in which 

each plot was inventoried for each Spanish forest inventory edition), reflecting the leaf mass 

and the intensity of the photosynthetic activity; (2) NDVIdiff  is the NDVI variation between the 

years of sampling inventories (NDVIdiff = mean NDVISNFI_3 - mean NDVISNFI_2, i.e. the change 
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in the annual mean NDVI value between the two inventories), showing the differences in leaf 

mass and photosynthetic activity in this period of time; and (3) NDVIsum is the integral of the 

area under the maximum monthly NDVI values curve between the two forest inventories 

NDVIsum = ∑ NDVImax monthly, recording the variations of photosynthetic activity over time 

cumulatively (Illera et al., 2007; Junges et al., 2017). In addition to the mean, several other 

annual NDVI and EVI (Enhanced Vegetation Index) metrics were explored (median, 

maximum, minimum and standard deviation), finding high correlation between the two indices 

and different metrics, so we retained annual mean of the NDVIAn mean, NDVIdiff and NDVIsum. 

The data of the NDVI and EVI time series were obtained using the Google Earth Engine cloud-

based platform (GEE; https://earthengine.google.com) (Gorelick et al., 2017; Patel et al., 2015). 

More than 3000 satellite Landsat scenes from 1994 to 2008 were used to develop NDVI time 

data series. Specifically, Landsat 5 (LA05) was used from 1994 to 2000 and Landsat 7 (LA07) 

from 2000 to 2008. The use of Landsat scenes from different missions (LA05 and LA07) does 

not affect the main results as there is a high correlation between the value of the spectral bands 

(Claverie et al., 2015). This Earth observation long-term program was selected because of its 

both high temporal (15 days) and spatial resolution (30 m pixel). When data collection from the 

GEE was designed, we decided to obtain the NDVI value relative to the pixel within which the 

coordinate was located (30 x 30 m or 900 m2). Otherwise, if we had chosen to link the NDVI 

value to the plot polygon (50 m diameter circle or 1963 m2), we would have had to average the 

NDVI values of up to 9 pixels (8100 m2) and in that case the average NDVI value could be 

biased with respect the NDVI values to each plot. In any case, to be sure our approach was 

correct we calculated the NDVI average value for the polygon (25 m buffer) and we compared 

them with the NDVI values obtained for the exact location. Both NDVI values were very 

similar, and they were strongly related (R2 = 0.93) (Supplementary Material, Figure S2).  

Climatic, edaphic, and topographic variables per plot were used as abiotic variables to 

explain the variation in forest biomass and productivity. The climatic variables included were 

annual mean values of evapotranspiration, radiation, and soil humidity calculated from 

TerraClimate collection by using GEE (Gorelick et al., 2017) (Supplementary Material, Table 

S3); and an aridity index (obtained from temperature and precipitation averaged along 20 years 

from WorldClim 2.1, Hijmans et al., 2005). The aridity index calculated was based on the 

modified Martonne index = 150 - {[MAP] / [MAT + 10]} + {[12 × DMP] / [DMT + 10] / 2} 

(Stephen, 2005; Salazar et al., 2021), where: MAP is the mean annual precipitation, MAT is 

the mean annual temperature, DMP and DMT are the precipitation and temperature in the driest 
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month, respectively. In this way, high values of the aridity index indicate high aridity. We did 

not include MAP or MAT as climatic predictors in the models as both were strongly correlated 

with aridity index (aridity-MAP, r = -0.84, P< 2.2 10-16; aridity-MAT, r = 0.51, P< 2.2 10-16).  

The edaphic variables included were organic matter content, base saturation, cation 

exchange capacity, hydraulic saturation or texture  (Supplementary Material, Table S3) and 

were obtained from REDIAM raster database 

(https://www.juntadeandalucia.es/medioambiente/portal/acceso-rediam). The topographic 

variables (Supplementary Material, Table S3) included elevation, hillshade, and slope obtained 

from digital elevation models (Google Earth Engine datasets, CGIAR/SRTM90_V4) at 30 m. 

Hillshade is related to the orientation and solar radiation, influencing the water balance of the 

plot, it is calculated based on reflectance or luminance and depends on the angle of incidence 

of the sun's rays. Its range can vary from 0 (shadow areas) to 255 (brightest areas) (Burrough 

et al., 1998). To reduce the number of edaphic variables, we explored their collinearity in a 

principal component analysis and checked their correlation coefficient, selecting nine 

independent edaphic variables as potential predictors of forest biomass and productivity 

(Supplementary Material, Fig. S3).  

The structural variable used to model forest biomass models was tree density (trees ha-

1) from SNFI_3 (DensSNFI_3) while tree density of SNFI_2 (DensSNFI_2) was used to model forest

productivity models (living trees present in both SNFI_2 and SNFI_3). 

2.4. Statistical analyses 

2.4.1. Evaluation and comparison of forest biomass and productivity 

To explore if forest biomass and productivity differ between the eight most abundant 

forest species a non-parametric analysis (P<0.05 significance, Kruskall-Wallis test) was 

performed (Zuur et al., 2010).  

2.4.2. Forest biomass and productivity models 

Prior to model parameterisation we checked the linear relationships between the 

independent variables and the response variable. The all-species models (modelAll sps), were 

calibrated through Generalised Linear Mixed Models (GLMM) for forest biomass and 

productivity (family = Gamma and link = log in biomass model; and family = Gaussian, link = 

identity in productivity model). We used the predominant species of the plot as random term in 

both models (AGB and FP modelAll sps).  
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In addition, we performed AGB and FP specific models for each of the main eight 

species using general linear models (GLM) without the nested species effect factor, once the 

distribution of the dependent variable was studied; AGB (family = Gamma, link = log) and FP 

(family = Gaussian, link = identity).  

 For the forest biomass models we used annual mean spectral (NDVIAn mean) and climatic 

variables, whereas for forest productivity models we used NDVIdiff and NDVIsum and mean 

climatic variables for the period between SNFIs.  

For each model, the different factors included in the spectral, abiotic and structural 

groups were scaled and centred (standardised) and we performed an analysis of variance 

inflation factor (VIF) to discard those variables with high correlation (VIF > 0.8). Next, we 

used a multimodel inference approach following the criterion of the lowest AIC (Akaike 

Information Criterion, Burnham and Anderson 2002) to select the most parsimonious models. 

The models incorporated the potential pairwise interactions of aridity (climatic) with both: tree 

density (structural) and NDVI (spectral). The variables with non-linear (spectral) responses 

were introduced as polynomial factors (without finding any effect on the models): 

where y = forest biomass or productivity modelAll sps 

The R squared (conditional/marginal in GLMM models), and Root Mean Squared Error 

(RMSE, the square root of the difference between the observed and predicted values squared) 

were used as a risk and precision parameters to be able to compare the different models 

(Domingo et al., 2018). In GLMM models, marginal R2 describes the proportion of variance 

explained by the fixed factors alone, while conditional R2 describes the proportion of variance 

explained by both the fixed and random factors (i.e. in our case forest species were the random 

factors; Johnson, 2014). 

2.4.3. Relative importance of spectral, abiotic, and structural variables on forest biomass 

and productivity 

The relative contribution (%) was calculated for each group of variables (spectral, 

edaphic, topographic, climatic, and structural) and the interactions (aridity ⨯ spectral and 

aridity ⨯ structural). We also calculated the individual relevance of the variables through the 
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value of their standardised estimates in the models. Finally, using the ‘predict’ function 

(keeping the rest of the variables fixed), the effect of the four most relevant variables in each 

model was analysed individually through partial dependence plots.  

2.4.4. Evaluation of climate change effects on forest biomass and productivity in 

Andalusian region 

To quantify the potential effects of a future increase in aridity on forest biomass and 

productivity, we derived future climate projections for the Andalusian region based on 

ensemble (averaged) projections. We used five General Circulation Models (GCMs: BCC-

CSM2-MR, CanESM5, CNRM-CM6-1, IPSL-CM6A-LR, MRI-ESM2-0) for the Coupled 

Model Intercomparison Project Phase 6 (CMIP6), for three different Shared Socioeconomic 

Pathways scenarios (SSPs: 126, 370 and 585) and for three future periods (2060, 2080 and 

2100). We used bioclimatic variables from the improved WorldClim v2.1 database. We selected 

these five GCMs because all of them showed a good performance (‘Satisfactory’) for the 

European region based on the previous CMIP5 Project (McSweeney et al., 2015). Once we 

obtained the ensemble projections for each bioclimatic variable, we calculated aridity for each 

SSP and period. Then, to understand the behaviour of forest biomass and productivity in 

response to climate change, we predicted AGB and productivity under projected future aridity 

scenarios keeping all other predictor variables constant using the `predict´ function assuming 

that current species distribution is maintained over time (Blois et al., 2013). To estimate the 

uncertainty of future predictions of different aridity scenarios (2060, 2080, 2100), we used the 

confidence intervals of predicted forest biomass and productivity. 

2.5. Software 

The statistical analysis was carried out on R software V.4.2. (R Core Team 2022). For 

Kruskall-Wallis tests, GLMM and GLM, PCA analysis and predict function were performed 

using the Stats package (R basics). Multicollinearity (VIF analysis) was explored using the 

usdm package (Naimi et al., 2014) while Pearson correlations was used Corrplot library (Wei 

and Simko, 2021); the most parsimonious model was obtained using multimodel inference 

analysis of glmulti package (Calcagno and de Mazancourt, 2010); the contribution of variables 

within the models using dominanceanalysis package (Azen and Budescu, 2006); and data 

manipulation was carried out using tidyverse 1.3 package (Wickham et al., 2019). 
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3. Results

3.1. Forest biomass and productivity patterns 

The observed forest biomass ranged from 1.05 to 325 Mg ha-1 (82% coefficient of 

variation) with a mean value of 51 Mg ha-1 for all-species (Table 1). We found significant 

differences in forest biomass between forest species with mean values ranging from 29 (Olea 

europaea) to 75.6 Mg ha-1 (Pinus nigra, Fig. 2A, Table 1). Pinus sylvestris was the only species 

that did not show significant differences with some other species such as Q. suber, P. nigra and 

P. pinea (Fig. 2A, Supplementary Material, Table S4).

Figure 2. Boxplots of (A) forest biomass (AGB, Mg ha-1) and (B) forest productivity (FP, Mg ha-1 year-1) for the 

eight main species (green) and all forest species (red). Boxplots describe the median, quartil two and three, and 

the whiskers show the ± 1.5 x IQR (interquartile range), points mean the outliers. Numbers indicate the coefficient 

of variation, (CV (%) = (SD/ mean) x 100). Different letters mean statistical differences (P < 0.05) between groups. 

The observed forest productivity ranged from -2.44 to 12.24 Mg ha-1 year-1 (102% 

coefficient of variation) with a mean value of 1.1 Mg ha-1 year-1 (Fig. 2B, Table 1). We found 

significant differences in forest productivity between forest species from the lowest mean FP 

values for O. europaea and Q. ilex (0.44 and 0.77 Mg ha-1 year-1, respectively), while the highest 

values were for P. pinea and P. sylvestris (2.24 and 2.26 Mg ha-1 year-1, respectively) (Fig. 2B). 
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Few species didn’t have significant differences in forest productivity, e.g. P. nigra and P. 

pinaster, P. pinea and P. sylvestris, or P. halepensis and Q. suber (Fig. 2B, Supplementary 

Material, Table S5). 

3.2. Performance of forest biomass and productivity models 

Considering all forest inventory plots studied in the Andalusian region, we obtained R2 

marginal values (i.e. including random and fixed effects) of 0.43 and 0.3 (AGB and FP 

respectively) and R2 conditional values (i.e. fixed effects only) values of 0.29 and 0.58 for AGB 

and FP respectively (Table 1). Overall, species-specific models had generally a better 

performance based on the R2 than all-species models (Table 1). The RMSE values were 35.16 

Mg ha-1 and 0.71 Mg ha-1 year-1 for AGB and FP modelsAll sps which are in the range of the 

RMSE of the species models (Table 1). 

Table 1. Information for all-species and the eight most abundant forest species forest biomass (AGB, Mg ha-1) 

and productivity models (FP, Mg ha-1 year-1). Significance of models: * P<0.05, ** P<0.01, *** P<0.001. N: 

number of plots, AIC: Akaike Information Criterion, RMSE: Root Mean Squared Error. 

AGB GLMM models (Gamma 

link=log) 

FP GLMM models (Gaussian 

link=identity) 

N 
Mean 

AGB 

R2
marg/ 

R2
cond 

AIC 
RMS

E 

Mean 

FP 

R2
marg/ 

R2
cond 

AIC RMSE 

All species 

6924/

6803

* 

51.16 0.29/0.43 63789.6 35.16 1.1 0.3/0.58 14966.5 0.71 

O. 

europaea 
227 29.1 0.3*** 1906.19 22.52 0.44 0.54*** 83.2 0.28 

P. 

halepensis 
1017 35.4 0.58*** 8332.8 21.88 0.86 0.62*** 1020.18 0.4 

P. nigra 533 75.6 0.45*** 5320.89 41.89 1.62 0.58*** 1391.39 0.78 

P. pinaster 639 56.6 0.5*** 5994.29 40.01 1.52 0.47*** 1957.89 1.13 

P. pinea 683 69.5 0.36*** 6722.81 50.06 2.24 0.32*** 2240.7 1.39 

P. 

sylvestris 
145 65.4 0.65*** 1329.38 34.95 2.26 0.65*** 383.26 0.88 

Q. ilex 2276 40.4 0.25*** 20287.1 26.63 0.77 0.39*** 2223.41 0.4 

Quercus 

suber 
859 58.4 0.42*** 8132.91 31.42 1.4 0.35*** 1842.68 0.73 

*Some SNFI plots disappeared in the SNFI3
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The AGB models of the Pinus genus had the highest values of R2 (0.65; P. sylvestris) 

while the Q. ilex and O. europaea models had the lowest R2 with 0.25 and 0.3, respectively 

(Table 1). Analysing the RMSE, the lowest AGB values appeared in P. halepensis and O. 

europaea with 21.9 Mg ha-1 and 22.5 Mg ha-1, respectively, while the maximum RMSE was 

obtained in P. pinea (50.1 Mg ha-1, Table 1). 

The R2 of FP models for each species showed higher R2 values (0.65 and 0.62) for P. 

sylvestris and P. halepensis, respectively, while P. pinea and Q. suber models had the lowest 

(0.32 and 0.35, respectively). The RMSE of the O. europaea model showed the lowest error 

(0.28 Mg ha-1 year-1) while the P. pinea model reached the highest RMSE (1.39 Mg ha-1 year-

1) (Table 1).

3.3. The importance of spectral, abiotic and structural factors on forest biomass models 

Spectral and structural variables had the highest contribution in almost all the forest 

biomass models (except for O. europaea or Q. suber where spectral variables were less 

important, Fig. 3A). The structural variables had a greater contribution on forest biomass for 

Pinus than Quercus genus. Furthermore, climatic variables had the strongest effect for t Q. ilex 

and Q. suber (Fig. 3A). The relative contribution of spectral and climatic variables interaction 

on forest biomass just appeared in P. pinaster and Q. ilex models, whereas the structural and 

climatic variables interaction was greater mainly in O. europaea, and Q. ilex models (Fig. 3A). 

Forest biomass models differed in the number of independent factors included, as for example 

the modelAll sps included eleven significant independent variables, while the specific Pinus 

models showed a range between two to eight significant independent variables and the Quercus 

models reached thirteen (Fig. 3B, Supplementary Material, Table S6). NDVIAn mean, tree density 

and organic matter had significant and positive effects in almost all models (Fig. 3B); while 

aridity or sand percentage had negative effects on forest biomass (Fig. 3B, 4A, and 4B), not 

being overall present in all models (e.g. aridity was only significant in Quercus models in Fig. 

3B, Supplementary Material, Table S6). 

NDVIAn mean had the highest effect on forest biomass for P. sylvestris and the lowest for 

O. europaea (estimate 0.34 vs. 0.06, Fig. 3B), while structural (tree density) had the highest

effect for O. europaea and lowest for Q. ilex (estimate 0.37 and 0.17, see Fig 3B, 4A and 4B). 

Among climatic variables, aridity had a negative effect in the eight species, but it was only 

significant in three species and the modelAll sps  (Fig. 3B and 4C, Supplementary Material, Table 

S6). The aridity x NDVI and aridity x density interaction was significant for two species 
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(Quercus genus) and in the modelAll sps, leading to a stronger negative effect of aridity on forest 

biomass at high NDVI and tree density values (Supplementary Material Fig. S4).  

Figure 3. Relative contribution (%) of spectral, abiotic (climatic, edaphic and topographic) and structural variables 

on aboveground biomass (A), and standardised estimates of the variables included in aboveground biomass models 

(B). (Spect: spectral, Struct: structural, and Topog: topographic). AET: annual mean of actual evapotranspiration; 

BS: base saturation percentage; CEC: cation exchange capacity; FGS: fine grain soil percentage; Ksat: saturated 

hydraulic conductivity; N: superficial nitrogen percentage; NDVI (mean): annual mean of normalised difference 

vegetation index; OM: organic matter; PET: annual mean of potential evapotranspiration; pH: hydrogenic 

potential; S Moisture: annual mean of soil moisture; SRAD: annual mean of surface shortwave radiation. 

Figure 4. Predicted aboveground biomass (AGB, Mg ha-1) with the most important explicative variables. Tree 

Density (A), NDVI (B), Aridity (C), and Organic Matter (D). The aridity index was based on the modified 

Martonne index, but high values of the aridity index indicate high aridity.  

The edaphic and topographic variables showed greater importance in the Quercus than 

Pinus models (Figs. 3A and 3B). Among the edaphic variables, organic matter (OM) positively 

affected AGB in species models, while sand percentage did so negatively (Figs. 3B and 4D, 
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Supplementary Material, Table S5).  Among topographic variables, slope estimate was negative 

in P. pinea, Q. ilex, Q. suber and modelAll sps and hillshade estimate was positive for AGB in O. 

europaea, P. halepensis and Q. suber and modelAll sps (Fig. 3B, Supplementary Material Table, 

S6). 

3.4. The importance of spectral, abiotic and structural factors on forest productivity 

models  

In forest productivity models structural variables (tree density) had a greater 

contribution than the spectral variables (NDVIsum and NDVIdiff), followed by edaphic variables 

(Supplementary Material, Table S7). The only exception was in P. pinaster, P. pinea and Q. 

ilex where climatic variables had the highest importance (Fig. 5A). Tree density, NDVIdiff , 

NDVIsum, soil depth and organic matter had a  positive effect on forest productivity, whereas 

the aridity had a negative effect in most models (Figs. 6 and 7, Supplementary Material Table 

S7). Tree density had the highest effect on forest productivity for P. pinea, and P. pinaster, 

even exceeding the values of the modelAll sps (see estimate 0.88 and 0.78 vs. 0.54, Fig. 6B).  

Aridity had a widespread negative effect on productivity of P. halepensis, P. pinaster, 

P. nigra, Q. ilex and Q. suber forests (Figs. 5B and 6C, Supplementary Material, Table S7),

being particularly relevant for P. pinaster where aridity had a greater effect than NDVI indices. 

Figure 5. Relative contribution (%) of spectral, abiotic (climatic, edaphic, and topographic) structural variables 

and interactions (spectral x climatic and structural x climatic) on forest productivity (A), and standardised estimates 

of the variables included in forest productivity models (B). (Spect: spectral, Struct: structural, and Topog: 

topographic). AETm: average of annual mean of actual evapotranspiration between SNFIs; BS: base saturation 

percentage; CEC: cation exchange capacity; FGS: fine grain soil percentage; Ksat: saturated hydraulic 

conductivity; N: superficial nitrogen percentage; NDVIdiff: Difference of annual mean NDVI between SNFIs; 

NDVIsum: integral of  monthly max NDVI along SNFIs period; OM: organic matter; PETm: average of annual 

mean of potential evapotranspiration between SNFIs; pH: hydrogenic potential; S Moisture: average of annual 

mean of soil moisture between SNFIs; SRADm: average of annual mean of surface shortwave radiation between 

SNFIs. 
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The aridity x tree density interaction was significant for three Pinus species while the 

aridity x NDVIsum interaction was significant in modelAll sps and Quercus ilex (Supplementary 

Material, Table S7). When the interaction was supported, we observed a stronger response of 

forest productivity to aridity at high than low NDVIsum (Supplementary Material Fig. S5).  

Edaphic and topographic variables had a lower effect when compared with NDVIsum or 

tree density (Fig. 5A; Supplementary Material Table S7). Overall, organic matter or soil depth 

had positive and significant effects in some species and modelAll sps (Figs. 5B and 6D; 

Supplementary Material, Table S7). Only the slope had a negative effect on modelAll sps and 

three species (P. halepensis, Q. ilex and Q. suber, Fig. 5B; Supplementary Material, Table S7). 

Figure 6. Predicted forest productivity (FP, Mg ha-1 year-1) with the most significant variables.  Tree Density (A), 

NDVI sum (B), Aridity (C), and Depth (D). The aridity index was based on the modified Martonne index, but high 

values of the aridity index indicate high aridity.  

3.5. Potential effects of climate change on forest biomass and productivity 

The plausible climate change scenarios in Andalusia imply an increase in aridity (Fig. 

7). This aridity increase had a negative impact on forest biomass and productivity in all 

scenarios (Fig. 7; Supplementary Material Table S8). Scenarios for 2060 with an increase in 

aridity between 5% and 9% (SSP 126 and SSP 585) could lead to forest biomass decreases of 

9% and forest productivity of 7.2% (Fig. 7). In 2100, even greater increases in aridity could 

lead to decreases up to 18% of forest biomass and 16% of forest productivity (Fig. 7; 

Supplementary material Table S8).  
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Figure 7. Predictions of Aridity (A), forest biomass (B), and productivity (C) for three future different Shared 

Socioeconomic Pathways scenarios (SSPs: 126, 370, and 585) and for three future periods (2060, 2080, and 2100) 

compared with present conditions (2006, last SNFI in Andalusia).  

4. Discussion

Our results highlight that forest biomass and productivity in South Spain is related to 

spectral, structural and abiotic variables; and the variance explained by models greatly 

increased when spectral variables were included. Remotely-sensed variables are low-cost open-

access tools. Their inclusion might help to improve predictions and reduce the investment in 

time and money in field campaigns for similar data (Pettorelli et al., 2018). Moreover, these 

remotely-sensed tools offer information with a high temporal and spatial resolution which 

makes it easier to monitor forest dynamics (Durante et al., 2019). This does not mean that 

carrying out forest inventories in the future would become unnecessary, but it does mean that 

monitoring through satellite images and the incorporation of structural and abiotic variables can 

be a useful and complementary methodology to forest inventories (Lister et al., 2020; White et 

al., 2016). 

We found NDVI and tree density as the main variables related to forest biomass and 

productivity, as already observed in previous studies (as Lister et al., 2020; Xue and Su, 2017; 

Astigarraga et al., 2020; Salazar et al., 2021). However, we also found that edaphic conditions 

such as organic matter, sand content and soil depth are important in determining forest biomass 

and productivity at large spatial extents (Grijal and Vance, 2000), principally in the Quercus 

genus (Salazar et al., 2021).  

In addition, in most models the aridity appeared negatively related to AGB and FP as in 

other studies (Aguirre et al., 2018, 2019; Gómez-Aparicio et al., 2011; Khoury and Coomes, 

2020). In fact, the projections of climate change for South Spain in 2100 showed an increase in 
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aridity which will negatively affect AGB and FP up to 18 and 16 %, respectively. We discuss 

these results in more detail in the following sections. 

4.1. Forest biomass and productivity models performance  

In both models, the R2 increased from marginal to conditional from 13 to 30% (i.e. fixed 

terms only vs. fixed + random terms including species identity). Other studies have found the 

importance of species identity when determining forest responses to climate and structure (e.g. 

Ruiz-Benito et al. 2013). The range of R2 obtained is similar to other studies in large 

heterogeneous regions (Cao et al., 2016; García et al., 2020; Popescu et al., 2010), reaching R2 

values higher than 0.5 (forest biomass models of P. halepensis, P. pinaster and P. sylvestris). 

For both forest biomass and productivity models, the species was a relevant factor associated 

with the variance explained and the significance of the explanatory variables. The greater R2 in 

species-specific models of pines could be due to their more restricted distribution than modelAll- 

sps (Ruiz-Benito et al. 2012, Vadell and Pemán, 2016) and are strongly affected by tree density 

(Gómez-Aparicio et al. 2011; Ruiz-Benito et al. 2013). Differently from Aguirre et al. (2021) 

who found better relationships in P. pinaster productivity models, the species with highest 

explained variance in forest biomass or productivity was P. halepensis (see similarities in 

RMSE, Domingo et al., 2018) and P. sylvestris. In the same way, we found similar results as 

Cao et al. (2016) with LIDAR (Laser Imaging Detection and Ranging) who estimate the forest 

productivity of similar species (mixed forest of Quercus, Pinus and Cunninghamia) and 

obtained adjustment metrics (R2 = 0.67 and RMSE = 2.91) like ours GLMM productivity 

models (R2 = 0.58 and RMSE = 0.71).  

Despite the overall good comparison of observed vs. predicted data obtained, it is 

important to note that underestimated or overestimated forest biomass and productivity are 

evenly distributed in the study zone (data not shown). Therefore, other potential spatial effects 

not accounted for this study should not affect the model's performance.  

Stands with high forest biomass and productivity (over 100 Mg ha-1 and 2 Mg ha-1 year-

1, respectively) are often underestimated possibly due to the reduced number of plots with high 

biomass and productivity values in our study area (which may be appearing as outliers, Fig. 2). 

Most likely, plots with dense vegetation saturate the spectral signal (Santos et al., 2016; Liu et 

al., 2012). Therefore, NDVI has been found to be not capable of capturing the increases in forest 

biomass after a certain level of canopy cover (Liu et al., 2012). 
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Our study included the potential predictors of forest biomass and productivity available 

at large spatial extents (e.g. Aguirre et al., 2021; 2022; Ruiz-Benito et al. 2014). Other anthropic 

variables (forest management) would help to improve the quality of the models (Maciel et al., 

2021; Mayer et al., 2020), however they are not available at large spatial extents (see Ruiz-

Benito et al., 2020). Some studies have found that anthropic activities such as the extraction of 

non-wood forest products or intensive grazing can affect forest dynamics and biomass (Casasús 

et al., 2007), and their availability at large spatial extents might help to further improve the 

predictions. 

The accuracy of forest biomass and productivity models could be improved in future 

works. On one hand, the fact that the coordinates of the plots are not exact could lead to 

inaccurate NDVI values (Durante et al., 2019). On the other hand, biomass can be 

underestimated because we are not including recruitment and large trees are rarely captured in 

NFI data. Furthermore, the saturation of remote sensors at high forest biomass (Liu et al., 2012), 

the existence of mixed plots (different forest species) with mixed spectral signals (Aguirre et 

al., 2019; Lookingbill and Zavala, 2000) and the effect of the abundant shrub and herbaceous 

cover (Domingo et al., 2018) may have affected spectral effect on forest biomass and 

productivity (Soenen et al., 2009). 

4.2. Factors affecting forest biomass  

There is a wide variation in forest biomass (1.05 to 325 Mg ha-1), with similar ranges 

previously reported for woodlands (20-200 Mg ha-1) (Cao et al., 2016; Lieth, 1975; Lin et al., 

2012; Melillo et al. 1993; Soenen et al., 2010) and pine forests in Spain (Aguirre et al., 2018; 

2021, 2022).  

NDVIAn mean is the variable with the highest importance in most forest biomass models, 

showing the relevance of this factor to monitor forest biomass over time (Khoury and Coomes 

2020; Liang et al., 2020). NDVI is a proxy of the intensity of photosynthetic activity 

(Arrogante-Funes et al., 2018), and it has been traditionally related to plant cover and biomass 

(Lister et al., 2020; Liu et al., 2012). In our models, tree density had a positive relationship with 

forest biomass similar to other studies (Aguirre et al., 2018; Astigarraga et al., 2020; Salazar et 

al., 2021; Villar et al., 2017), although high tree densities can induce biomass saturation due to 

increased competition (Supplementary Material, Fig. S6; Bottero et al., 2016; Gómez-Aparicio 

et al., 2011). The effect of tree density on forest biomass is more intense in Pinus than Quercus 

species. It is possible that the high artificial tree densities of Pinus forests, a consequence of the 
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Spanish National Reforestation Plan (López-Tirado and Hidalgo, 2015; Vadell and Pemán, 

2016), and the higher height of Pinus than Quercus forests can explain its strong effect. 

Although tree density has not been taken as a remote variable (it was obtained from SNFI field 

data), forest biomass could be estimated remotely. Although it poses serious problems of 

execution, analysis, and computational processing for large areas, technologies such as LIDAR 

provide 3D information, along with tree height and DBH which can be used to model forest 

biomass (Domingo et al., 2018; White et al., 2016) and structure (Tijerin-Triviño et al. 2022). 

Currently, there is no LIDAR data for the studied region that coincide with the time window of 

the available SNFIs data. However, international projects are being developed every year to 

include LIDAR satellite data in forest modelling (Durante et al., 2019; Popescu et al. 2011). 

This opens possibilities to extrapolate the results of these models to wide forest areas that do 

not include SNFI plots. 

NDVI (NDVIAn mean) and tree density had a weak correlation coefficient, which could 

be explained due to the existence of plots with low tree densities but with high NDVI which 

can be related to the photosynthetic activity of other forest strata such as shrub and herbaceous 

(Soenen et al., 2010). Possibly, the relationship between NDVIAn mean and tree density can be 

stronger in species with high tree densities such as pines, as a result of reforestation policies 

(Cruz-Alonso et al., 2018; Freitas et al., 2005).  

Aridity had a negative effect on forest biomass for the modelAll sps and in Quercus 

forests. The negative effect of limited water availability has been widely studied in 

Mediterranean forests (Gómez-Aparicio et al., 2011; Salazar et al., 2021). However, we did not 

find a supported effect of aridity on biomass for pine species, despite Aguirre et al. (2021) found 

a negative effect of aridity on biomass in Pinus models along Spain. This could be due to the 

limited range of aridity in which the pine forests are found in South Spain. As He et al. (2019) 

we found a significant interaction between NDVI or tree density and aridity. This can mean that 

plots with high NDVI or tree density had a strong effect of aridity, which may indicate that 

plots with high density and leaf area may suffer increased stress with aridity and drought (Jump 

et al. 2017; Berdugo et al., 2020; Khoury and Coomes, 2020).  

Edaphic variables also show the importance in the forest biomass models.  Muller-

Landau et al. (2021) and Mulder et al. (2019) address the importance of soil characteristics such 

as fertility, depth or the ability to retain water are essential for forest biomass. Among these, it 

is worth highlighting the important role played by organic matter in the fertility and water 

retention of forest soils and forest growth (Grigal and Vance, 2000; Mayer et al., 2020; Muller-
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Landau et al., 2021; Porta et al., 1994) principally in Pinus species. In the opposite direction, 

appears the effect of the sand percentage, also mainly among Pinus, where areas with sandy 

textures, cause problems in soil fertility and water retention (Oyonarte et al., 2008). Similarly, 

forest biomass, particularly in Quercus species, responds negatively to saturated hydraulic 

conductivity (Ksat), which can be explained by the hydromorphism (ponding) conditions that 

severely affect root development and therefore biomass production (Herraiz et al., 2017; Porta 

et al., 1994). 

Slope and hillshade are the most important topographic variables on forest biomass 

(Muller-Landau et al., 2021). Other authors have also found altitude as a key variable (Aguirre 

et al., 2022), however we removed altitude due to the high correlation with aridity. Slope had a 

negative effect on forest biomass, that can be due by lower accumulation of water and nutrients 

in areas with steep slopes, influencing the accumulation of colloids such as organic matter and 

clays (Lin et al., 2012; Sanchez-Soto et al., 2016; Scholten et al., 2017). Hillshade had a positive 

effect on forest biomass, which can be due to growth limitations because of low light 

availability (Hais and Kučera, 2009; Najafifar et al., 2019). 

4.3. Factors affecting forest productivity  

There is a large variation in forest productivity (-2.44 to 12.24 Mg ha-1 year-1, mean 

values of 1.09 Mg ha-1 year-1) that are similar to those obtained for woodlands (2-10 Mg ha-1 

year-1 and mean values of 6 Mg ha-1 year-1) (Aguirre et al., 2018; Lieth 1975; Melillo et al. 

1993). 

Modelling productivity implies obtaining variables that reflect changes in forest 

dynamics with a high temporal resolution (Babst et al., 2021). NDVI has been directly related 

to productivity over the last decades (Liang and Wang, 2020), but NDVI value reflects only a 

specific moment of the vegetation. However, the sum of the NDVI values between SNFIs 

period can be used as a proxy of the temporal evolution of the vegetation and it has been 

previously used in productivity models with success (Illera et al., 2007; Vicente-Serrano et al., 

2005). This integrative variable may also allow us to observe the effect of the climate on forests 

and its possible effect on carbon capture and accumulation (López-Senespleda et al., 2021).  

The tree density (highest estimates in all models) was positively related to forest 

productivity, in accordance with other studies (Aguirre et al. 2019; Astigarraga et al., 2021; 

Salazar et al., 2021). The stronger effect of tree density in Pinus than Quercus species could be 

related to the fact that oak species are more shade-tolerant and Pinus have highest densities due 
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to reforestation policies (Vadell and Pemán, 2016). Furthermore, morphological differences 

between species can define their responses to tree density; while Quercus has open crowns and 

extensive root systems (Salazar et al., 2021; Villar et al., 2017), Pinus has higher growth 

allowing greater density and more vertical structures (Aguirre et al., 2018). 

The contribution of the climatic variables to forest productivity is greater than to forest 

biomass. Specially aridity was relevant in most models highlighting the role that temperature 

and precipitation play in forest productivity (Astigarraga et al., 2021; Arenas-Castro et al., 

2019; Salazar et al., 2021; Muller-Landau et al., 2020). High aridity values can alter mortality, 

establishment, and growth patterns (Aguirre et al., 2018, 2019; Astigarraga et al., 2020). Vilà 

et al. (2013) also found a negative effect of aridity (low precipitation) on wood production in 

seven types of European forest.  

We found a significant interaction between aridity and NDVIsum on forest productivity 

(Supplementary Material; Fig. S4 A). This can be explained by a stronger effect of aridity on 

forest productivity at higher values of NDVIsum (He et al., 2019). Plots with lower values of 

NDVIsum (lower leaf surface) could suffer less from an increase in aridity, possibly due to the 

less intense effect of competition between plants for water resources. On the other hand, the 

interaction between aridity and tree density was not significant, which means that an increase 

in aridity may cause similar changes in forest productivity for different tree densities (Bottero 

et al., 2017, Supplementary Material, Fig. S4 B). 

The edaphic variables also showed a slight but significant effect on forest productivity, 

similar to other studies (Grigal and Vance, 2000; Muller-Landau et al., 2021; Scholten et al., 

2017). Soil depth showed a positive effect on forest productivity (Mulder et al., 2019). Whereas 

Vilà-Cabrera et al. (2013) found a positive effect of soil depth on forest Pinus density, and 

therefore on forest productivity (suggested by our models). However, the base saturation (BS) 

and sand percentage showed a negative effect on forest productivity, which may be related to 

the lower availability and accumulation of soil nutrients in soils (Antonellini and Mollema, 

2010) or water (Grigal and Vance, 2000) with high BS and sand percentage. Also, the slope 

negatively affects forest productivity, suggesting that high slopes imply less retention of 

nutrients and water favouring erosive processes (Scholten et al., 2017). 

4.4. Effects of climate change on forest biomass and productivity 

The predicted increase in aridity could lead to reductions in forest biomass and 

productivity, affecting the ecosystem services that the forest offers (González-Díaz et al., 2019). 
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The uncertainty of the predictions of biomass and forest productivity indicate that the role of 

aridity can be modulated by other variables affecting to microclimatic conditions as topography 

or soil variables (Aguirre et al., 2021, 2022; Astigarraga et al., 2020; Mayer et al., 2020; Vilà 

et al., 2013).  

We found a strong negative effect of aridity on tree productivity and biomass, which 

agrees with previous results (Aguirre et al., 2019, 2021; Condés et al., 2020; Salazar et al., 

2021). Forests may show a certain tolerance and resilience to environmental changes and aridity 

(Garzón et al., 2008; Khoury and Coomes, 2020), especially for low densities or mixed forests 

(Aguirre et al., 2018; Bottero et al., 2017; Gómez-Aparicio et al., 2011), but if certain thresholds 

are reached the negative effects of climate change can increase over time (Astigarraga et al. 

2020).  

The predicted effects on forest biomass and productivity are not accurate prediction of 

future conditions, but rather potential trends that could happen if aridity increase under certain 

scenarios. In our models, the predicted effect of increased aridity on forest biomass and 

productivity included the rest of variables fixed to their mean value. Therefore, the predictions 

are not realistic, instead the goal is to show the trends assuming that the spatio-temporal 

distribution of the species, their tree density, the spectral signal of the plot (NDVI) and abiotic 

variables (except aridity) will remain constant throughout time. Also, in our modelling 

approach we used the “space-for-time substitution”, which states that using current patterns and 

phenomena observed in spatial gradients can be used to understand and model the same patterns 

and processes in prospective time gradients that are currently unobservable (Blois et al. 2013). 

This “space-for-time substitution” principle has been criticised (Garzón et al., 2008) and non-

linearities in forest responses are being observed (e.g. Astigarraga et al. 2020). However, other 

authors (Ma et al., 2018; Usoltsev et al., 2022) have shown that this method is valid for biomass 

predictions of forest stands.  

Finally, although the uncertainty of our models is high, future projections are complex 

due to the large number of variables that can influence time and space and, therefore, species 

demography and ecosystem functions (Garzón et al., 2008; Ruiz-Benito et al., 2017). However, 

our models have assumed a larger spatial scale for forest species with long-term biomass 

production, which may allow a greater resilience against possible climatic changes (Garzón et 

al., 2008; Khoury and Coomes, 2020; Pretzsch et al., 2015).  
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5. Conclusions

Spectral (NDVI) and structural (tree density) variables have proven to be the most 

relevant variables for modelling forest biomass and productivity in South Spain. Our results 

showed that edaphic and topographic variables can be also important to model forest biomass 

and productivity for some species. Projections of global warming and increased aridity could 

imply significant losses in forest biomass and productivity, which can directly alter the carbon 

sink role of Andalusian forests. 
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Supplementary Material 

Table S1. Number and abundance of species in SNFI plots. Species in bold font were the eight species studied 

also independently.  

Species N plots Abundance averaged (%) 

Abies pinsapo 22 88.63 

Acacia dealbata 1 100 

Acacia spp. 1 43.67 

Alnus glutinosa 4 66.16 

Castanea sativa 72 90.7 

Cedrus atlantica 1 47.82 

Celtis australis 1 100 

Ceratonia siliqua 19 80.63 

Crataegus monogyma 2 100 

Cupressus arizonica 1 60.35 

Cupressus sempervirens 2 56.83 

Eucalyptus camaldulensis 102 91.09 

Eucalyptus globulus 75 91.46 

Eucalyptus gomphocephalus 2 100 

Eucalyptus nitens 1 72.53 

Fraxinus angustifolia 13 59.85 

Juniperus oxycedrus 6 61.47 

Juniperus phoenicea 3 60.71 

Olea europaea 227 86.85 

Other leafy 1 100 

Other eucalyptus 1 63.41 

Other pines 1 62.63 

Phillyrea latifolia 18 70.55 

Pinus canariensis 4 85.81 

Pinus halepensis 1017 94.92 

Pinus nigra 533 89.37 

Pinus pinaster 639 87.78 

Pinus pinea 683 92.37 

Pinus radiata 9 86.12 

Pinus sylvestris 145 90.83 

Pinus uncinata 2 81.41 

Populus nigra 8 78.51 

Populus x canadensis 1 96.41 

Quercus canariensis 104 76.97 

Quercus faginea 99 75.81 

Quercus ilex 2276 93.54 

Quercus pyrenaica 15 92.73 

Quercus suber 859 88.87 

Salix atrocinerea 1 57.90 

Salix fragilis 1 86.44 

Salix spp. 4 82.06 

Sambucus Nigra 1 58.97 

Total number of plots 6924 
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Table S2. Allometric equations of aboveground biomass (leaves and stems) in SNFI species plots. DBH is the 

diameter at breast height. 

Specie Equation Specie Equation 

Myrtus communis 0.27 * DBH2.19 Others laurisilvas 0.26 * DBH2.27 

Acacia spp. 0.23 * DBH2.16 Robinia pseudacacia 0.23 * DBH2.16 

Phillyrea latifolia 0.32 * DBH2.08 Otras frondosas 0.15 * DBH2.3 

Cedrus atlantica 0.09 * DBH2.43 Acacia melanoxylon 0.23 * DBH2.16 

Chamaecyparis lawsoniana 1.08 * DBH1.58 Cedrus deodara 0.09 * DBH2.43 

Others conifers 0.11 * DBH2.35 Tetraclinis articulata 1.08 * DBH1.58 

Pinus sylvestris 0.08 * DBH2.41 Larix decidua 0.09 * DBH2.43 

Pinus uncinata 0.16 * DBH2.32 Cupressus arizonica 1.08 * DBH1.58 

Pinus pinea 0.12 * DBH2.42 Juniperus oxycedrus 1.77 * DBH1.29 

Pinus halepensis 0.12 * DBH2.21 Quercus pubescens (Q. Humilis) 0.11 * DBH2.47 

Pinus nigra 0.06 * DBH2.52 Fraxinus excelsior 0.24 * DBH2.22 

Pinus pinaster 0.05 * DBH2.5 Salix alba 0.05 * DBH2.57 

Pinus canariensis 0.05 * DBH2.67 Populus x canadensis 0.05 * DBH2.57 

Pinus radiata 0.07 * DBH2.49 Eucalyptus viminalis 0.27 * DBH2.19 

Others pinos 0.09 * DBH2.44 Betula alba 0.2 * DBH2.27 

Abies alba 0.12 * DBH2.42 Sophora japonica 0.23 * DBH2.16 

Abies pinsapo 0.08 * DBH2.31 Laurus azorica 0.15 * DBH2.49 

Picea abies 0.09 * DBH2.43 Acacia dealbata 0.23 * DBH2.16 

Pseudotsuga menziesii 0.09 * DBH2.43 Cedrus libani 0.09 * DBH2.43 

Larix spp. 0.09 * DBH2.43 Thuja spp. 1.08 * DBH1.58 

Cupressus sempervirens 1.08 * DBH1.58 Larix leptolepis 0.09 * DBH2.43 

Juniperus communis 1.77 * DBH1.29 Cupressus lusitanica 1.08 * DBH1.58 

Juniperus thurifera 0.23 * DBH2.03 Fraxinus ornus 0.24 * DBH2.22 

Juniperus phoenicea 0.55 * DBH1.69 Salix atrocinerea 0.05 * DBH2.57 

Quercus robur 0.1 * DBH2.5 Eucalyptus gomphocephalus 0.27 * DBH2.19 

Quercus petraea 0.1 * DBH2.5 Betula pendula 0.2 * DBH2.27 

Quercus pyrenaica 0.08 * DBH2.53 Gleditsia triacanthos 0.23 * DBH2.16 

Quercus faginea 0.06 * DBH2.52 Cupressus macrocarpa 1.08 * DBH1.58 

Quercus ilex 0.1 * DBH2.48 Salix babylonica 0.05 * DBH2.57 

Quercus suber 0.04 * DBH2.61 Salix cantabrica 0.05 * DBH2.57 

Quercus canariensis 0.26 * DBH2.11 Salix caprea 0.05 * DBH2.57 

Quercus rubra 0.11 * DBH2.47 Salix elaeagnos 0.05 * DBH2.57 

Otros quercus 0.11 * DBH2.47 Salix fragilis 0.05 * DBH2.57 

Populus alba 0.05 * DBH2.57 Salix purpurea 0.05 * DBH2.57 

Populus tremula 0.05 * DBH2.57 Ailanthus altissima 0.11 * DBH2.35 

Alnus glutinosa 0.46 * DBH1.9 Celtis australis 0.11 * DBH2.35 

Fraxinus angustifolia 0.24 * DBH2.22 Crataegus lacinata 0.11 * DBH2.35 

Salix spp. 0.05 * DBH2.57 Crataegus monogyna 0.11 * DBH2.35 

Populus nigra 0.05 * DBH2.57 Ilex aquifolium 0.11 * DBH2.35 

Eucalyptus globulus 0.27 * DBH2.19 Pyrus 0.11 * DBH2.35 

Eucalyptus camaldulensis 0.27 * DBH2.19 Rhamnus Alaternus 0.11 * DBH2.35 

Eucalyptus nitens 0.27 * DBH2.19 Sambucus Nigra 0.11 * DBH2.35 

Olea europaea 0.4 * DBH1.94 Tamarix canariensis 0.11 * DBH2.35 

Ceratonia siliqua 0.23 * DBH2.16 Ulmus minor 0.11 * DBH2.35 

Fagus sylvatica 0.16 * DBH2.37 Ulmus pumila 0.11 * DBH2.35 

Castanea sativa 0.19 * DBH2.22 Laurus nobilus 0.26 * DBH2.27 

Betula spp. 0.2 * DBH2.27 Chamaerops humilis 0.15 * DBH2.3 

Corylus avellana 0.29 * DBH2.15

Myrica faya 0.31 * DBH2.18

Ilex canariensis 0.54 * DBH1.96

Erica arborea 0.41 * DBH2.01
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Table S3. Type of variables, units, and source of obtaining. 

Type/group of 

variables 
Initials Units Model Variable 

Spectral1 

NDVIAn mean AGB 
Annual mean of Normalised 

Difference Vegetation Index 

NDVIdiff FP 
Difference of annual mean NDVI 

between SNFIs 

NDVIsum FP 
Integral of monthly max NDVI along 

SNFIs period 

Abiotic 

Climatic
2,3

AET mm AGB 
Annual mean of actual 

evapotranspiration 

AETm mm year-1 FP 
Average of annual mean of actual 

evapotranspiration between SNFIs 

PET mm AGB 
Annual mean of potential 

evapotranspiration 

PETm mm year-1 FP 
Average of annual mean of potential 

evapotranspiration between SNFIs 

S Moisture mm AGB Annual mean of soil moisture 

Soil Moisture m mm year-1 FP 
Averaged of annual mean of soil 

moisture between SNFIs 

SRAD W m-2 AGB 
Annual mean of surface shortwave 

radiation 

SRAD m W m-2 year-1 FP 
Averaged of annual mean of surface 

shortwave radiation between SNFIs 

Aridity mm ºC-1 AGB/FP Aridity Martonne index 

Edaphic4 

BS % AGB/FP Base saturation percentage 

CEC meq 100 g-1 AGB/FP Cation exchange capacity 

Ca % - Active limestone 

Clay % - Clay percentage 

Depth cm AGB/FP Soil depth 

FGS % AGB/FP Fine grain soil percentage 

Ksat mm m-1 AGB/FP Saturated hydraulic conductivity 

N % AGB/FP Superficial nitrogen percentage 

OM % AGB/FP Organic matter 

pH AGB/FP Hydrogenic potential 

Sand % AGB/FP Sand percentage 
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Type/group of 

variables 
Initials Units Model Variable 

Silt % - Silt percentage 

SOM % - Superficial organic matter 

Texture % - Texture 

WRC cm day - Water retention capacity 

Topogra

phic5 

Elevation m AGB/FP Elevation 

Hillshade AGB/FP Hillshade 

Slope º AGB/FP Slope 

Biotic Structural6 Density tree ha-1 AGB/FP Tree Density 

Source1: https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LT05_C01_T1_SR and 

https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LE07_C01_T1_SR pixel  resolution: 30 m 

Source2: https://developers.google.com/earth-engine/datasets/catalog/IDAHO_EPSCOR_TERRACLIMATE pixel  

resolution: 2.5 arc min 

Source3: Aridity: https://www.worldclim.org/data/worldclim21.html, Pixel resolution: 4,6 km 

Source4: 

https://descargasrediam.cica.es/repo/s/RUR?path=%2F10_SISTEMAS_PRODUCTIVOS%2F03_RECURSOS_FORESTAL

ES%2FBiomasa_F_And_explotacion%2FInfGeografica%2FInfRaster%2FTIFF, pixel resolution: 1000 m 

Source5: https://developers.google.com/earth-engine/datasets/catalog/USGS/SRTMGL1_003, pixel resolution: 30 m 

Source6: https://www.mapa.gob.es/es/desarrollo-rural/temas/politica-forestal/inventario-cartografia/inventario-forestal-

nacional/default.aspx 

186

https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LT05_C01_T1_SR
https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LE07_C01_T1_SR
https://developers.google.com/earth-engine/datasets/catalog/IDAHO_EPSCOR_TERRACLIMATE
https://www.worldclim.org/data/worldclim21.html
https://descargasrediam.cica.es/repo/s/RUR?path=%2F10_SISTEMAS_PRODUCTIVOS%2F03_RECURSOS_FORESTALES%2FBiomasa_F_And_explotacion%2FInfGeografica%2FInfRaster%2FTIFF
https://descargasrediam.cica.es/repo/s/RUR?path=%2F10_SISTEMAS_PRODUCTIVOS%2F03_RECURSOS_FORESTALES%2FBiomasa_F_And_explotacion%2FInfGeografica%2FInfRaster%2FTIFF
https://developers.google.com/earth-engine/datasets/catalog/USGS/SRTMGL1_003
https://www.mapa.gob.es/es/desarrollo-rural/temas/politica-forestal/inventario-cartografia/inventario-forestal-nacional/default.aspx
https://www.mapa.gob.es/es/desarrollo-rural/temas/politica-forestal/inventario-cartografia/inventario-forestal-nacional/default.aspx


Capítulo 6. Modelling aboveground biomass and productivity and the impact of climate change in 

Mediterranean forests of South Spain 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Table S4. P values of the nonparametric analysis of Kruskall-Wallis for the observed forest aboveground 

biomass (AGB) between the eight main species. * P<0.05, ** P<0.01, *** P<0.001.  

O. europaea P. halepensis P. nigra P. pinaster P. pinea P. sylvestris Q. ilex

P. halepensis ** - - - - - - 

P. nigra *** *** - - - - - 

P. pinaster *** *** *** - - - - 

P. pinea *** *** * *** - - - 

P. sylvestris *** *** 0.1 ** 0.61 - - 

Q. ilex *** *** *** *** *** *** - 

Q. suber *** *** *** 0.1 ** 0.31 *** 

Table S5. P values of the nonparametric analysis of Kruskall-Wallis for the observed forest productivity (FP) 

between the eight main species. * P<0.05, ** P<0.01, *** P<0.001.  

O. 

europaea 

P. 

halepensis 

P. nigra P. 

pinaster 

P. pinea P. 

sylvestris 

Q. ilex

P. halepensis *** - - - - - - 

P. nigra *** *** - - - - - 

P. pinaster *** *** 0.08 - - - - 

P. pinea *** *** *** *** - - - 

P. sylvestris *** *** *** *** 0.64 - - 

Q. ilex *** *** *** *** *** *** - 

Q. suber *** 0.34 *** *** *** *** *** 
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Table S6.  Estimates of the significant variables in models of forest aboveground biomass (AGB) in modelAllsps and 

the eight main species. See Table S2 for the codes of variables. * P<0.05, ** P<0.01, *** P<0.001.  

Predictors/Specie 
All 

speci

es 

O. 

europae

a 

P. 

halepensi

s 

P. 

pinaster 
P. pinea P. nigra 

P. 

sylvestris 
Q. ilex Q. suber 

Spectral 
NDVI 

(mean) 

0.29±0

.01 

*** 

0.06±0.06 

ns 

0.30±0.02 

*** 

0.28±0.03 

*** 

0.20±0.02 

*** 

0.28±0.03 

*** 

0.34±0.05 

*** 

0.19±0.01 

*** 

0.22±0.02 

*** 

Structur

al 
Density 

0.26±0

.01 

*** 

0.37±0.05 

*** 

0.34±0.02 

*** 

0.31±0.02 

*** 

0.28±0.02 

*** 

0.23±0.03 

*** 

0.29±0.05 

*** 

0.17±0.02 

*** 

0.20±0.02 

*** 

Climatic 

Aridity 

-

0.13±0

.01 

*** 

-

0.06±0.07 

ns 

-0.00±0.03 

ns 

-0.04±0.03 

ns 

-

0.07±0.08 

ns 

-0.07±0.03 

* 

-

0.02±0.05 

ns 

-0.18±0.02 

*** 

-0.15±0.04 

*** 

AET 
-0.08±0.03 

* 

PET 
0.03±0.02 

ns 

-0.12±0.03 

*** 

-

0.04±0.02 

ns 

-0.02±0.04 

ns 

0.05±0.05 

ns 

-0.06±0.02 

** 

-0.06±0.02 

** 

SRAD 
0.14±0.07 

* 

-0.02±0.02 

ns 

-0.10±0.03 

** 

0.03±0.02 

ns 

0.01±0.03 

ns 

S Moisture 
0.07±0.02 

** 

Interacti

ons 

Aridity: 

NDVI 

(mean) 

-

0.06±0

.01 

*** 

0.10±0.05 

ns 

0.03±0.02 

ns 

0.00±0.03 

ns 

-

0.04±0.02 

ns 

0.04±0.03 

ns 

0.05±0.05 

ns 

-0.05±0.01 

*** 

-0.06±0.02 

** 

Aridity:De

nsity 

0.06±0

.01 

*** 

-

0.04±0.05 

ns 

0.00±0.01 

ns 

0.03±0.02 

ns 

-

0.02±0.02 

ns 

-0.02±0.03 

ns 

-

0.09±0.05 

ns 

0.07±0.01 

*** 

0.10±0.02 

*** 

Edaphic 

BS (%) 
0.04±0.02 

* 

-0.05±0.03 

* 

0.07±0.02 

** 

-

0.08±0.05 

ns 

0.04±0.01 

** 

0.01±0.03 

ns 

CEC 
-0.05±0.02 

* 

0.11±0.03 

*** 

Depth 0.02±0

.01 ns 

-

0.11±0.06 

ns 

0.05±0.04 

ns 

-0.04±0.02 

* 

0.10±0.03 

*** 

FGS (%) 
0.07±0

.01 

*** 

-0.03±0.02 

ns 

0.08±0.02 

*** 

0.12±0.02 

*** 

Ksat 

-

0.03±0

.01 

*** 

0.09±0.05 

ns 

-0.05±0.02 

** 

-0.08±0.02 

** 

N (%) 
0.04±0

.01 

*** 

-0.05±0.03 

ns 

-0.02±0.03 

ns 

0.08±0.02 

*** 

OM (%) 
0.07±0

.01 

*** 

0.06±0.02 

** 

0.10±0.03 

** 

0.16±0.03 

*** 

-0.02±0.02 

ns 

0.07±0.03 

* 

pH 
0.14±0.06 

* 

-0.04±0.02 

ns 

-0.09±0.02 

*** 

Sand (%) 
0.17±0.06 

** 

-0.06±0.02 

** 

-0.08±0.03 

** 

-0.15±0.03 

*** 

Topogra

phic 

Elevation 
-

0.00±0.07 

ns 

Hillshade 
0.03±0

.01 

*** 

0.10±0.05 

* 

0.05±0.02 

** 

0.02±0.01 

ns 

0.04±0.02 

* 

Slope 

-

0.05±0

.01 

*** 

-

0.11±0.04 

** 

-0.08±0.02 

*** 

0.08±0.03 

** 

NDVI: annual mean of normalised difference vegetation index, AET: annual mean of actual evapotranspiration, 

PET: annual mean of potential evapotranspiration, S Moisture: annual mean of soil moisture, SRAD: annual mean 

of surface shortwave radiation, BS: base saturation percentage, CEC: cation exchange capacity, FGS: fine grain 

soil percentage, Ksat: saturated hydraulic conductivity, N: superficial nitrogen percentage, OM: organic matter, 

pH: hydrogenic potential. 
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Table S7.  Estimates of the significant variables in models of forest productivity (FP) in modelAll sps and the eight 

main species. * : P<0.05, ** : P<0.01, *** :  P<0.001, ns : not significant.  

Predictors/Specie All 

species 

O. 

europae

a 

P. 

halepensi

s 

P. 

pinaster 
P. pinea P. nigra 

P. 

sylvestris 
Q. ilex 

Q. 

suber 

Spectral 
NDVI sum 

0.15±0.0

1 *** 

-

0.02±0.0

3 ns 

0.13±0.02 

*** 

0.16±0.04 

*** 

0.23±0.05 

*** 

0.22±0.04 

*** 

0.27±0.10 

** 

0.07±0.01 

*** 

0.19±0.0

3 *** 

NDVI diff 
0.06±0.0

1 *** 
0.04±0.0

3 ns 

0.04±0.01 

** 

0.18±0.04 

*** 

0.20±0.05 

*** 

0.14±0.04 

*** 

0.32±0.10 

** 

Structur

al 
Tree density 

0.54±0.0

1 *** 

0.24±0.0

2 *** 

0.37±0.01 

*** 

0.78±0.04 

*** 

0.88±0.05 

*** 

0.67±0.04 

*** 

0.71±0.09 

*** 

0.23±0.01 

*** 

0.36±0.0

3 *** 

Climatic 

Aridity 
-

0.18±0.0

2 *** 

-

0.05±0.0

3 ns 

-

0.07±0.02 

*** 

-

0.19±0.06 

** 

-

0.11±0.08 

ns 

-0.13±0.04 

** 

-0.19±0.10 

ns 

-0.07±0.01 

*** 

-

0.09±0.0

4 * 

AET (mean) 
0.33±0.10 

0.002 

PET (mean) 
0.01±0.05 

ns 

0.08±0.05 

ns 

-0.05±0.01 

*** 

S moisture 

(mean) 

-

0.02±0.0

2 ns 

-

0.08±0.05 

ns 

0.03±0.07 

ns 

0.03±0.01 

* 

SRAD 

(mean) 

0.06±0.0

4 ns 

0.04±0.06 

ns 

-0.04±0.01 

*** 

Interacti

ons 

Aridity:Dens

ity 

0.01±0.0

1 ns 

-

0.04±0.0

3 ns 

-

0.05±0.01 

*** 

0.08±0.04 

ns 

-

0.16±0.05 

** 

-0.06±0.04 

ns 

-0.23±0.10 

* 

0.00±0.01 

ns 

-

0.00±0.0

3 ns 

Aridity:NDV

I sum 

-

0.03±0.0

1 ** 

0.03±0.0

3 ns 

0.02±0.02 

ns 

-

0.03±0.04 

ns 

-

0.08±0.05 

ns 

0.01±0.04 

ns 

-0.05±0.09 

ns 

-0.04±0.01 

*** 

-

0.05±0.0

3 ns 

Edaphic 

BS (%) 
-

0.05±0.0

1 *** 

-0.10±0.04 

0.014 

-0.03±0.01 

** 

-

0.07±0.0

4 * 

CEC 
-

0.05±0.0

1 *** 

-

0.04±0.0

4 ns 

Depth 
0.11±0.0

1 *** 

-

0.05±0.0

3 ns 

0.05±0.02 

** 

0.01±0.04 

ns 

0.11±0.05 

* 

0.15±0.05 

** 

0.05±0.01 

*** 

0.15±0.0

3 *** 

FGS 
-

0.01±0.0

1 ns 

-

0.05±0.02 

* 

0.06±0.05 

ns 

-0.24±0.10 

* 

0.09±0.0

3 ** 

Ksat 
-

0.01±0.0

1 ns 

0.05±0.0

2 * 

-0.11±0.05 

* 

0.48±0.10 

*** 

0.02±0.01 

ns 

N 
0.01±0.02 

ns 

-0.23±0.04 

*** 

0.02±0.01 

ns 

OM 
0.04±0.0

1 ** 

0.05±0.02 

** 
0.11±0.05 * 

0.17±0.09 

ns 

0.09±0.0

4 * 

pH 
-

0.00±0.0

1 ns 

0.10±0.0

3 ** 

-

0.06±0.02 

** 

Sand (%) 
-

0.05±0.0

1 *** 

0.10±0.0

3 ** 

-

0.02±0.02 

ns 

-0.23±0.04 

*** 

0.04±0.01 

** 

Topogra

phic 

Elevation 
0.01±0.02 

ns 

Hillshade 
0.01±0.0

1 ns 

0.04±0.0

2 ns 

Slope 
-

0.05±0.0

1 *** 

-

0.04±0.01 

** 

-0.07±0.04 

ns 

-0.14±0.09 

ns 

-0.04±0.01 

** 

-

0.06±0.0

3 * 

NDVIsum: integral of  monthly max NDVI along SNFIs period, NDVIdiff: Difference of annual mean NDVI 

between SNFIs, AETm: average of annual mean of actual evapotranspiration between SNFIs, PETm: average of 

annual mean of potential evapotranspiration between SNFIs, S Moisture: average of annual mean of soil moisture 

between SNFIs, SRADm: average of annual mean of surface shortwave radiation between SNFIs, BS: base 

saturation percentage, CEC: cation exchange capacity, FGS: fine grain soil percentage, Ksat: saturated hydraulic 

conductivity, N: superficial nitrogen percentage, OM: organic matter, pH: hydrogenic potential. 
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Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Table S8.  Percentage of aridity, forest biomass (AGB) and productivity (FP) change in different Shared 

Socioeconomic Pathways scenarios (SSPs: 126, 370 and 585) for three future periods (2060, 2080 and 2100) 

compared with present conditions (2006, last SNFI in Andalusia).

Year Scenario Increase of 

Aridity (%) 

Decrease of 

AGB (%) 

Decrease of FP 

(%) 

2060 126 4.98 5.07 3.92 

2060 370 8.07 8.02 6.36 

2060 585 9.14 9 7.21 

2080 126 5.16 5.35 4.08 

2080 370 11.94 11.44 9.43 

2080 585 14.63 13.8 11.61 

2100 126 3.43 3.47 2.66 

2100 370 15.47 14.44 12.27 

2100 585 20.19 17.97 16.02 
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Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Figure S1. Relation between Forest Productivity all (ingrowth, including new trees between NFI) and Forest 

Productivity live trees (considering only the same live trees of SNFI2 and SNFI3).

Figure S2. Scatter plot between pixel NDVI value (square of 30 x 30 m) and plot NDVI value (50 m diameter 

circumference).  
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Figure S3. Correlogram of the edaphic variables for the three first Principal Components Analysis. tf: fine grain 

soil percentage (FGS); mo_sup: organic matter (OM); psb: base saturation (BS); ps: depth; are: sand percentage; 

ca: active limestone; cic: cation exchange capacity (CEC); crad: saturated hydraulic conductivity (Ksat); n_sup: 

superficial nitrogen percentage (N), pH: hydrogenic potential.  

Figure S4. Effects on aboveground biomass (AGB) of Aridity and NDVIAn mean (ndvi_mean) interactions (A) and 

Aridity and Tree density Interactions (B). 
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Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

Figure S5. Effects on forest productivity (FP) of Aridity and NDVIsum (AUC) interactions (A) and Aridity and 

Tree density (Dens) interactions (B). 

Figure S6. Relationship between tree density (tree ha-1) and NDVIAn mean in Andalusian SNFI plots. 

Figure S7. Relationships between forest biomass (Mg ha-1) with NDVIAn mean (A) and tree density (tree ha-1, B). 
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Capítulo 7. Discusión general 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

El objetivo general de esta tesis busca comprender el efecto de los factores abióticos, 

entre los cuales destaca la aridez, sobre los rasgos funcionales, el crecimiento, la fenología, la 

biomasa y la productividad forestal en las especies forestales más representativas del 

mediterráneo ibérico. Para eso la discusión atenderá de forma transversal y en una escala 

espacial in crescendo los efectos de los factores abióticos sobre las variables ecológicas citadas 

(Fig. 1). La discusión parte de los resultados obtenidos a nivel de individuo donde las respuestas 

pueden reflejar realidades específicas, continúa a nivel de parcela donde las respuestas muestran 

las respuestas a nivel de población y finaliza a nivel de la región de Andalucía donde pueden 

mostrarse unas tendencias generales. 

Figura 1. Esquema de las temáticas abordadas en la tesis por temas y capítulos. El color azul indica procesos y 

relaciones entre las distintas variables. 

1. Factores que afectan a los rasgos funcionales (hoja y tallo) en las especies forestales

mediterráneas

Aunque la respuesta de los modelos inter e intraespecíficos mostró algunas diferencias 

(capítulos 2 y 4), posiblemente debido al menor número de observaciones en los modelos 

intraespecíficos, es evidente el impacto claro de los factores abióticos como el clima (aridez) y 

el suelo (textura y nutrientes) sobre los rasgos funcionales. Aunque algunas otras variables 

bióticas como los nutrientes relativos a las hojas; o abióticas como la topografía han sido 

analizadas de forma específica en alguno de estos capítulos; la aridez y el suelo se destacan 

transversalmente por su efecto sobre los rasgos funcionales y por lo tanto la discusión se 
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centrará sobre estos. El LMA (relación entre masa y área foliar) y el WD (densidad de madera) 

son características rápidas y fáciles de medir, motivo por el cual constituyen los rasgos más 

medidos y comúnmente utilizados para describir las estrategias ecológicas de las plantas (Rosas 

et al., 2021). Además, estos dos rasgos reflejan bien las estrategias funcionales que las plantas 

adoptan dentro del denominado espectro económico funcional (Wright et al., 2004).  

Los resultados del capítulo 4 muestran incluso una posible coordinación entre rasgos de 

la hoja y del tallo (densidad, LD y WD) lo cual dota a las plantas de cierta integración fenotípica 

coordinando la respuesta de los rasgos frente al ambiente limitante como defiende Pigliucci 

(2003). Además, los modelos inter (capítulo 4) e intraespecíficos (capítulo 2 y 4) mostraron una 

relación clara y similar entre la aridez y rasgos como LMA, LD o WD.  Esto refuerza la 

sensibilidad de la morfología de estas especies frente a estímulos ambientales como el clima 

(Anderegg et al., 2021) migrando hacia estrategias más conservativas en ambientes más áridos 

donde existen serias limitaciones hídricas (Quero et al., 2008; 2011). Hojas densas, gruesas y 

lignificadas, con valores elevados de LMA y LD, parecen estar mejor preparadas para el 

acúmulo de agua y nutrientes en ambientes áridos (Poorter et al., 2009; Salazar et al., 2021). 

Anderegg et al. (2020) o Dong et al. (2020) también relacionan positivamente factores 

climáticos como la aridez con rasgos funcionales como LMA, LD o WD. En ese sentido, LMA 

disminuye con la precipitación (Ogaya y Peñuelas, 2007) y aumenta con la temperatura (Poorter 

et al., 2009; Vilà-Cabrera et al., 2015). Esto refuerza la sensibilidad de LMA frente a la sequía 

provocando un aumento en el grosor de la hoja y, por tanto, el volumen del área mesófila en el 

tejido de la hoja (Poorter et al., 2009; Villar et al., 2013). Este cambio morfológico parece 

afectar el intercambio de gases (Maire et al., 2015) y el transporte de agua (Rosas et al., 2019), 

minimizando el impacto del estrés hídrico sobre el crecimiento de las plantas. De la misma 

forma, plantas con valores elevados de WD reducen los posibles problemas por cavitación que 

las plantas sufren en situaciones de estrés hídrico (Martínez-Vilalta et al., 2010).  

Por otro lado, la relación interespecífica de LMA, LD y WD fue positiva con la 

concentración de nutrientes (componentes SC1 y SC2), mientras que fue negativa con el 

contenido en arcilla. La textura y los nutrientes han mostrado tener una gran relevancia tanto 

en los rasgos foliares como en la madera de las especies (Chaturvendi et al., 2018). Por un lado, 

el contenido de arcilla (textura) parece ser la característica edáfica más relevante mostrando una 

relación negativa clara sobre gran parte de los rasgos funcionales estudiados, sea a nivel inter 

como intraespecífico (capítulo 4, tabla 2). Un alto porcentaje de arcilla se asocia con una mayor 
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disponibilidad de agua y nutrientes (Muller-Landau, 2004; de la Riva et al., 2016; Chaturvendi 

et al., 2018), y en última instancia, a una alta concentración de nutrientes en las hojas (Anderson 

et al., 2006) como los resultados del capítulo 2 también muestran en Q. ilex. Texturas más 

arcillosas, generalmente actúan como reservas de agua y nutrientes favoreciendo una estrategia 

menos conservativa (más adquisitiva) en las plantas (de la Riva et al., 2016). Esto reduce la 

necesidad de acumular nutrientes y agua disminuyendo la densidad de los tejidos (Villar et al., 

2008) y por lo tanto reduciendo los valores de LMA.  

Figura 2. Esquema de las principales conclusiones relativas a los rasgos funcionales. El color rojo indica las 

variables más relevantes en las relaciones. 

En lo referente a la relación entre rasgos funcionales y nutrientes, aunque los PCAs 

obtenidos en los capítulos 2 y 4 parten de datos distintos, han agrupado variables semejantes 

facilitando su interpretación. El modelo de Q. ilex (capítulo 2) presenta una relación negativa 

entre el grosor de la hoja (LT) y el SC1. Menores valores de LT podrían ser consecuencia de 

una mayor disposición potencial de nutrientes del medio (estrategia adquisitiva) (Salazar et al., 

2021). Sin embargo en el capítulo 4, la respuesta interespecífica parece ser opuesta y 

contraintuitiva a los modelos intraespecíficos. A nivel interespecífico, el primer componente 

(SC1, representado por variables como el pH, MO, Ca y N) parece mostrar una relación positiva 

con los rasgos foliares (LD, LMA) y de madera (WD), favoreciendo una estrategia más 

conservativa. Esto podría deberse al efecto del pH el cual guarda una relación directa con la 

fertilidad y por tanto con los rasgos (Dong et al., 2020). Desde una interpretación edáfica, 

valores relativamente menores de pH en el suelo tienen un efecto positivo sobre la 

disponibilidad de macronutrientes limitantes para el desarrollo como el fósforo (Penn and 

Camberato, 2019). Esto estaría favoreciendo una estrategia adquisitiva, con efecto de unos 

valores más bajos de LMA, LD o WD. Respecto al SC2, el cual guarda relación con los 

micronutrientes como Fe, Mn, Cu y Ni; el modelo interespecífico muestra una relación positiva 

con WD y LD mientras que los modelos intraespecíficos no reflejan relación alguna con SC2, 

siendo en muchas veces negativa. La Fig. 3 muestra cómo la relación del componente SC2 y 
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tanto LD como WD a nivel de especie es espúrea por lo que no deben considerarse las relaciones 

en los modelos interespecíficos. La misma figura muestra tendencias negativas en algunas de 

las relaciones específicas (P. halepensis y Q. faginea), las cuales, aunque tímidamente, adoptan 

la lógica del espectro económico en donde mayores concentraciones potenciales de nutrientes 

implican menores valores de LD y WD (Villar et al., 2017). 

Figura 3. Regresiones entre el componente edáfico 2 (sc2) y (A) la densidad de la hoja (LD,  g cm-3) y (B) la 

densidad de la madera (WD,  g cm-3) para las  forestales estudiadas. La línea azul indica la relación considerando 

los individuos de las cuatro especies. 

2. Factores que afectan al crecimiento (RGR) de las especies forestales mediterráneas

Tanto en el capítulo 2 como en el 4 la biomasa individual de los árboles fue el principal 

factor intrínseco que explica la tasa de crecimiento de los árboles (RGR). Esta relación negativa 

sugiere que los árboles más grandes tienden a crecer más lentamente, lo que podría explicarse 

por una menor proporción de hojas (Villar et al., 2017). Así, a medida que aumenta la biomasa 

del árbol y el número de recursos necesarios para su crecimiento, la asimilación y el transporte 

de nutrientes disminuyen proporcionalmente, reduciendo RGR. Efecto que puede ampliarse por 

las interacciones competitivas (luz y nutrientes) entre los árboles circundantes cada vez con 

mayores copas y sistemas radiculares, lo cual puede ralentizar el crecimiento de las plantas 

(Binkley, 2004). Así, la magnitud de la relación biomasa-crecimiento depende también del 

entorno competitivo (Ruiz-Benito et al., 2015).  Sin olvidar que los árboles conforme aumentan 
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en biomasa exigen relativamente mayores cantidades de energía destinada tanto para mantener 

la propia biomasa como para crecer. Además, las limitaciones hidráulicas y de nutrientes 

aparecen en árboles más viejos debido a restricciones mecánicas en el tamaño de los vasos, lo 

que reduce el transporte de agua y nutrientes (Mencuccini et al., 2005). 

Figura 4. Esquema de los principales resultados y conclusiones sobre RGR. El color rojo indica las variables más 

relevantes en las relaciones. 

En el caso del capítulo 4, intraespecificamente, RGR también fue explicado en algunas 

especies por la arcilla y los nutrientes del suelo resumidos en los ejes PCA (SC1 y SC2). Un 

aumento en la concentración de nutrientes del suelo debería producir una alta biomasa vegetal, 

sin embargo, esto sólo parece ser cierto para los árboles pequeños (Li et al., 2018). Por otro 

lado, el aumento en la concentración de nutrientes del suelo no mitiga los cambios morfológicos 

asociados con el transporte de nutrientes cuando el árbol envejece y aumenta su biomasa (Drake 

et al., 2010) aunque en el capítulo 2 se han encontrado resultados opuestos (Paoli y Curran, 

2007; Zemunik et al., 2018) por lo que aún es necesario más estudios para comprender el efecto 

de los nutrientes del suelo en el crecimiento de las plantas en condiciones de campo.  

Respecto a los factores climáticos, su efecto respecto a RGR se mostró irrelevante 

(capítulos 2 y 4). Lo cual está de acuerdo con resultados para varias especies de Quercus que 

sugieren un menor poder explicativo del clima en comparación con factores locales como la 

disponibilidad de nutrientes, la textura del suelo y la densidad de árboles (Villar et al., 2017; 

Salazar et al., 2021). Posiblemente la falta de respuesta frente a la aridez sea consecuencia de 

la elevada variabilidad en los rasgos funcionales que las plantas adoptan como estrategia frente 

a las limitaciones de la aridez (Martínez-Vilalta et al., 2010).  

Tal vez por este motivo, los rasgos funcionales tampoco mostraron una relación clara 

con el crecimiento a pesar de que autores como Chaturvendi et al. (2018), Violle et al. (2007) 

o Poorter et al. (2009) relacionan sistémicamente la variabilidad de los rasgos con las dinámicas

fisiológicas en la planta. Sin embargo, la mayoría de esos estudios se han realizado en plántulas 
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jóvenes (Bastias et al., 2018) demostrando respuestas diferenciadas en función de la edad. 

Autores como Laughlin et al. (2017) y Wright et al. (2010) han demostrado que LMA no se 

correlaciona con RGR para árboles adultos. La falta de relación se ha justificado por la ausencia 

de una base fisiológica clara en los llamados “caracteres suaves”, como LMA, el grosor de la 

hoja (LT) o la altura del árbol (Rosas et al., 2019). Sin embargo, este tipo de terminología ha 

sido cuestionada porque se enfoca en aspectos metodológicos (facilidad para medir el rasgo) 

subestimando el significado funcional de la morfología de la hoja (Violle et al., 2007). Por 

ejemplo, en las hojas de Q. ilex, un LMA elevado es resultado de una mayor cantidad de tejidos 

esclerenquimáticos (de la Riva et al., 2016) dotando a la hoja de resistencia a la difusión de 

agua desde la nervadura hacia el mesófilo durante el estrés climático. Lo más probable es que 

la plasticidad del rasgo funcional de la hoja esté compensando el efecto negativo del estrés 

ambiental, limitando así la reducción de RGR (Gratani, 2014). De acuerdo con esto, la 

capacidad de realizar cambios morfológicos en la hoja podría mantener el crecimiento de la 

planta más o menos constante, independientemente de las condiciones climáticas. 

3. Factores que afectan a la funcionalidad y la abundancia de matorral en el bosque

mediterráneo

Al igual que la funcionalidad de los árboles, las especies de matorral acompañantes 

también cambian a lo largo del gradiente de aridez debido a múltiples factores. Un incremento 

de la aridez estaba asociado con un incremento de LMA en la mayoría de las especies, así como 

de LMA de la comunidad (CWM). De manera similar, encontramos un aumento en LMA 

cuando disminuye el porcentaje de arcilla. Ambos efectos nos indican la tendencia hacia una 

estrategia más conservativa. Así, podemos decir que existe una respuesta coordinada entre las 

especies forestales y el matorral, cambiando las características de la hoja para adaptarse a las 

condiciones ambientales (Wright et al. 2004; Yang et al. 2021). Concretamente, la hoja de 

árboles y matorrales se vuelve más gruesa y densa (con un LMA mayor) cuando la aridez y la 

textura del suelo dificultan el crecimiento (Poorter et al. 2009).  

El incremento de la aridez provoca cambios en la abundancia de ciertas especies, siendo 

reemplazadas por especies más adaptadas a la sequía. Este intercambio de especies (species 

turnover), en nuestro caso, mantiene la diversidad funcional local de los bosques mediterráneos, 

siendo incluso proporcionalmente mayor que la diversidad regional. Esto contrasta mucho con 

los cambios en diversidad taxonómica, los cuales son proporcionalmente mayores a nivel 
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regional que local. La distribución geográfica de las especies es el resultado de un proceso 

estocástico y oportunista de colonización. Pero la supervivencia y crecimiento de los individuos 

dependen de los filtros abióticos locales y su capacidad de adaptación (Le Bagousse-Pinguet et 

al. 2017). Nuestros resultados sugieren que en el bosque mediterraneo existe una alta similitud 

filogenética y diversidad funcional a nivel local, lo cual indica una mayor plasticidad frente a 

grandes cambios ambientales (Hulshof & Swenson, 2010). Considerando que la productividad 

y la biomasa forestal pueden verse seriamente afectadas en el futuro, esto nos puede dar una 

idea del proceso de sucesión ecológica al que nos enfrentamos. Es decir, los procesos de 

desertificación del bosque mediterraneo producto de la aridez van a facilitar la presencia de 

especies heliófilas adaptadas a la sequía. Lo cual, ligado con la pérdida de productividad y 

biomasa forestal, podría reducir significativamente la diversidad regional como resultado 

adaptativo.  

Figura 5.  Esquema de los principales resultados y conclusiones relativos al efecto de la aridez y el contenido de 

arcilla sobre LMA y la diversidad taxonómica en matorral.  

4. Factores que afectan a la biomasa de las especies forestales mediterráneas

La biomasa forestal a nivel interespecífico (capítulo 4) mostró relaciones positivas con 

la biomasa media de los árboles, el contenido de arcilla y la superficie foliar media (LA). El 

efecto de la aridez sobre la biomasa no parece tener un efecto claro sobre la biomasa forestal 

(capítulo 4) o si existe lo hace de forma indirecta a través de la influencia de la aridez sobre 

algún rasgo funcional (capítulo 2). Autores como Martinez-Vilalta et al. (2010) defienden la 

hipótesis de que la aridez no jugaría un papel directo sobre la biomasa forestal en los bosques 

mediterráneos. Esto sería consecuencia de la elevada variabilidad intraespecífica en los rasgos 

funcionales, permitiendo una mayor plasticidad frente a las limitaciones del clima. 

En ese sentido, ambos capítulos (2 y 4) muestran cómo los rasgos funcionales coordinan 

parte de la estrategia funcional de las plantas para enfrentarse a estos problemas ambientales 
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mediante una relación positiva con la biomasa forestal. El capítulo 4 muestra una relación 

interespecífica clara entre el área foliar (LA) y la biomasa forestal, mientras que en el capítulo 

2, la biomasa en Q. ilex se relaciona con el LMA y los nutrientes de la hoja (L1, con elementos 

como el Ca o el N, relacionados con la estructura foliar y la fotosíntesis). Estas especies han 

desarrollado mecanismos fisiológicos que les permiten combatir la transpiración y la cavitación 

del xilema los cuales aparecen reflejados en los rasgos funcionales de hoja y madera (Aranda 

et al., 2014). Así, áreas foliares mayores (manteniendo el número de hojas fijo) implican una 

mayor área fotosintética y por lo tanto una mayor producción de fotoasimilados permitiendo, a 

priori, mayores cantidades de biomasa forestal (Babst et al., 2021). Por otro lado, valores 

elevados de LMA también podrían significar mayores reservas de agua y nutrientes en las hojas 

permitiendo un mayor acumulo de agua y fotoasimilados en condiciones de estrés (Quero et al., 

2008; 2011). Según Salazar et al. (2021) hojas con mayores LMA está relacionado con un 

aumento en la biomasa de los árboles a largo plazo. 

Figura 6. Esquema de los principales resultados y conclusiones relativos a la biomasa forestal. El color rojo indica 

las variables más relevantes en las relaciones. 

 Los resultados muestran que en el caso intraespecífico de la biomasa forestal en Q. ilex 

(capítulo 4) aparece un efecto claro de variables como la aridez, el contenido de arcilla, RGR, 

la biomasa media de los árboles y la densidad forestal. Esto parece indicar que el número de 

observaciones ha podido condicionar el efecto de las variables en los modelos específicos para 

lo cual se hace necesario aumentar el número de parcelas muestreadas por especie. 

Por otro lado, a nivel regional, los modelos estudiados para la biomasa del capítulo 6 

muestran una respuesta heterogénea, aunque significativa de la aridez sobre la biomasa, 

afectando más a las especies de Quercus. Además, las proyecciones futuras de la aridez para 
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diferentes escenarios climáticos estudiadas en este capítulo, apuntan a una disminución 

importante en la biomasa forestal.  

En estos modelos, la densidad forestal juega un papel relevante sobre la biomasa y 

producción forestal (Aguirre et al., 2018; Astigarraga et al., 2020: Herraiz et al., 2023). Además, 

el medio edáfico también ejerce efecto sobre la biomasa (capitulo 2, 4 y 6). Autores como Grijal 

y Vance, (2000), Najafifar et al. (2019) o Muller-Landau et al. (2021) indican la importancia 

de la textura, la materia orgánica o la topografía sobre el ciclo del agua, la insolación y la 

fertilidad que directa o indirectamente juegan un papel relevante en la actividad biológica de 

las plantas. Todo esto muestra el efecto complejo de las diferentes variables abióticas o bióticas 

y su impacto sobre la biomasa. Por ejemplo, en el capítulo 6 se encontró una interacción 

significativa entre la densidad forestal y la aridez en relación al efecto sobre la biomasa. De 

forma que el efecto de la aridez sobre la biomasa forestal era modificado por la densidad 

forestal.   

5. Factores que afectan a la producción de las especies forestales mediterráneas

Desde hace tiempo, la comunidad científica viene advirtiendo de las posibles 

consecuencias del aumento de temperaturas y reducción de precipitación sobre la sociedad, los 

ecosistemas y todos los servicios ecosistémicos que nos suministran. Esta tesis doctoral busca 

entender los efectos de un aumento de la aridez sobre la producción forestal, uno de los servicios 

que más pueden ser impactados y con graves consecuencias ecológicas y económicas. 

La producción forestal por definición podría depender de RGR, la biomasa media de los 

árboles (TB) y la densidad forestal (TD) (ver la fórmula descrita en la introducción general y 

discusión del capítulo 4). Los resultados del capítulo 4 indican que la producción forestal (FP) 

está afectada positivamente por RGR, la biomasa media de los árboles (TB) y la densidad 

forestal (TD), así como por variables del medio edáfico. Resultados semejantes también se han 

encontrado en el capítulo 2 para Q ilex. 
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Figura 7. Esquema de los principales resultados y conclusiones relativos a la producción forestal. El color rojo 

indica las variables más relevantes en las relaciones. 

Parece claro que las características del medio edáfico son fundamentales para que se 

desarrolle la vida vegetal, mientras que la humedad del suelo depende de la estructura, textura 

y contenido en materia orgánica. La fertilidad del sistema depende de la roca madre, el 

contenido en materia orgánica y la textura. Así, suelos con un mayor contenido de materia 

orgánica y texturas arcillosas se relacionan positivamente con la producción de biomasa vegetal 

(Grijal y Vance, 2000).  

Por otro lado, las relaciones positivas entre la producción forestal y el resto de variables 

bióticas merecen especial atención, especialmente la densidad forestal. Los resultados del 

capítulo 2 y 4 muestran una relación positiva de la producción forestal y RGR y la biomasa 

media de los árboles (TB). Árboles de mayor tamaño y con mayor tasa relativa de crecimiento 

(RGR) se relacionan con parcelas con una mayor biomasa forestal por unidad de superficie 

(Salazar et al., 2021). Sin embargo, la relación positiva entre densidad y producción no es tan 

fácil de justificar. Mayores densidades a priori deberían implicar una mayor competencia por 

los recursos como el agua, la luz y los nutrientes (Gómez-Aparicio et al., 2011; Forner et al., 

2020), de forma que en ese caso no se encontraría una relación positiva entre producción y 

densidad. Por otro lado, parcelas con elevadas densidades (y bajas RGR debido a la 

competencia) pueden mostrar mayores productividades acumuladas que parcelas menos densas. 

Nuestros resultados (capítulos 2, 4 y 6) indican un efecto positivo de la densidad sobre la 

producción forestal, lo cual puede ocurrir también porque el incremento de la densidad no 

parece ser suficientemente negativo para afectar el crecimiento de los árboles.  

Los sistemas forestales mediterráneos tienen ciertas peculiaridades que afectan al efecto 

de la densidad sobre la producción. El clima (Astigarraga et al., 2020), el manejo antrópico 

(Casasús et al., 2007) o incluso la fauna (Öllerer et al., 2019) pueden limitar el crecimiento, 

206



Capítulo 7. Discusión general 

Herraiz A. D., (2023). Factores determinantes del crecimiento, biomasa y producción de los bosques 

mediterráneos bajo diferentes niveles de aridez y escalas ecológicas. 

germinación y regeneración de las especies llegando a controlar indirectamente la densidad 

forestal. Por otro lado, muchas de las parcelas de coníferas estudiadas son consecuencia de 

políticas de reforestación recientes que todavía están lejos de alcanzar la fase de madurez 

(Vadell y Pemán, 2016). Además, hábitos de crecimiento más verticales de algunas coníferas 

como P. halepensis, poco exigentes en nutrientes y agua, favorecen el desarrollo de los árboles 

en altura incluso a elevadas densidades (Herraiz et al., 2023). El capítulo 6 muestra también 

una respuesta positiva de la producción frente a la densidad reforzando la idea de que la 

densidad hasta el momento no parece limitar el crecimiento de los árboles.  

Respecto a la aridez, el capítulo 6, a diferencia del 2 y 4, indicó una relación negativa 

entre la aridez y la producción. El amplio espacio muestral (6924 parcelas del IFN, 4.3 millones 

de hectáreas en Andalucía) y un gradiente de aridez más continuo y amplio han podido afectar 

al resultado de los modelos estadísticos (Zuur et al., 2010). Berdugo et al. (2020) y Aguirre et 

al. (2019) relacionan claramente la aridez con balances hídricos negativos lo cual se traduce en 

cierre estomáticos e interrupción de la actividad fotosintética (Quero et al., 2011) ocasionando 

pérdidas en la biomasa y la productividad forestal (Gómez-Aparicio et al., 2011). Los resultados 

proyectan una reducción considerable de la producción forestal para diferentes escenarios 

climáticos impactando sobre los servicios ecosistémicos que los bosques ofrecen.   

6. Factores que afectan a la fenología de especies forestales

La fenología puede mostrar si las especies están alterando su ciclo en función de 

cambios en variables climáticas que como la temperatura y precipitación afecta a la actividad 

fisiológica de las plantas. Por ese motivo se hace necesario estudiar la respuesta espacio-

temporal de las especies frente a la aridez. Para eso indicadores espectrales como el NDVI 

(relacionado con la actividad fotosintética) pueden caracterizar los cambios en el ciclo de las 

principales especies forestales ibéricas, las cuales son en su mayoría perennifolias y muestran 

un ciclo diferenciado del resto de bosques templados (Aragonés et al., 2019). 
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Figura 8. Principales resultados y conclusiones relativos a la fenología. El color rojo indica las variables más 

relevantes en las relaciones. 

El capítulo 5 muestra una gran variabilidad en métricas como el LOS (Length Of 

Season) indicando que diversos factores pueden estar afectando a las diferentes fases de la 

actividad fotosintética en las especies (Caparros-Santiago et al., 2021). En ese sentido la aridez 

parece afectar al inicio (SOS) y final (EOS) de la estación en la mayoría de las especies. Según 

esto, valores mayores de aridez implican un retraso en el inicio de la estación fenológica. Esto, 

según el inicio del ciclo fenológico de las especies estudiadas (Fig. 3 del capítulo 5) podría 

relacionarse con el descenso de las temperaturas y la llegada de las lluvias otoñales (Atzberger 

et al. 2013), como ocurre en comunidades vegetales características de climas áridos (Liu et al., 

2016). Por otro lado, un atraso en el EOS podría deberse a las características anisohidricas 

(Sterck et al., 2008; Quero et al., 2011) que consiguen alargar la actividad de algunas especies 

hasta la llegada del estrés hídrico típico del verano mediterráneo. 

Respecto a la respuesta fenológica de las especies en el tiempo, las especies no parecen 

responder a la aridez como combinación de temperatura y precipitación. Khoury y Coomes 

(2020) y Gazol et al. (2018) defienden que las especies mediterráneas muestran cierta tolerancia 

frente a episodios de sequías intensas. De hecho, parece que ciertas especies como Q. ilex o P. 

halepensis muestran una tendencia claramente positiva de reverdecimiento (greening) en el 

tiempo indicando ser resilientes a este tipo de eventos puntuales (Serra-Maluquer et al., 2018). 

Otras sin embargo como O. europaea, P. pinaster o P. pinea parecen haberse estabilizado en el 
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tiempo. En ese sentido, no parece haber una relación entre la aridez y las métricas fenológicas 

en el tiempo (Tabla 2, capítulo 6). Es posible que el aumento de la temperatura media (en torno 

a 1 grado a lo largo de 28 años) no esté afectando a estas especies adaptadas a las altas 

temperaturas mediterráneas (Serra-Maluquer et al., 2018). Por otro lado, la precipitación anual 

acumulada de la serie estudiada, aunque registró episodios de sequía severa, no mostró una 

tendencia negativa en el tiempo. Sería por tanto necesario analizar el efecto de la precipitación 

en diferentes años (secos y húmedos) sobre las métricas fenológicas de las especies. Resta saber 

si los aumentos de temperatura proyectados por los diferentes escenarios climáticos futuros 

(capítulo 5) pueden alcanzar temperaturas nunca antes registradas rompiendo los límites hasta 

ahora conocidos. En ese sentido, las proyecciones analizadas del capítulo 5, a pesar del elevado 

grado de incertidumbre, muestran pérdidas de la biomasa y producción forestal para todos los 

escenarios propuestos lo cual se alinea con lo descrito por Lindner et al. (2009) quien prevé un 

impacto severo en los servicios ecosistémicos de los bosques europeos. 
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1. Considerando el modelo conjunto de todas las especies, la aridez mostró una relación

positiva con la densidad de hoja y madera (LD y WD). En los modelos de cada especie,

la aridez también se relacionó positivamente con el peso específico foliar (LMA) en P.

halepensis, Q. faginea y Q. ilex y con WD en P. halepensis y Q. ilex.

2. La textura, específicamente el contenido de arcilla, se relacionó negativamente con LD

considerando el conjunto de todas las especies. En Q. ilex, LD y WD también mostraron

relaciones negativas con el contenido de arcilla. La fertilidad del suelo (componentes

SC1 y SC2) para el conjunto de todas las especies mostraron relaciones positivas con

LD y WD.

3. En el modelo conjunto de todas las especies, hojas y madera mostraron una

coordinación en sus rasgos, a través de LD y WD como parte de la estrategia

conservativa frente al ambiente. En ambientes áridos, valores elevados de LD se

relacionaron con mayores WD y podrían evitar la cavitación del xilema.

4. Los rasgos funcionales del matorral mediterráneo también se modificaron con factores

abióticos. En concreto, el LMA de la comunidad se vio afectado positivamente por la

aridez y negativamente por el contenido de arcilla del suelo.

5. La composición y la abundancia de las especies de matorral fueron reguladas por la

aridez manteniendo la diversidad funcional mediante la sustitución de especies.

6. Las tasas de crecimiento relativo de las especies arbóreas no fueron afectadas

directamente por la aridez o por las características del suelo. Sin embargo, factores

intrínsecos al individuo como el tamaño de cada individuo mostró estar relacionado

negativamente con el crecimiento. Árboles grandes tienden a crecer proporcionalmente

menos que los más jóvenes.

7. Considerando todas las parcelas de las distintas especies, la biomasa forestal se

relacionó positivamente con el área foliar (LA), el contenido de arcilla y la biomasa

media de los árboles. Sin embargo, los modelos específicos mostraron resultados

diferentes. En Q. ilex la biomasa se relacionó positivamente con el contenido de arcilla,

la densidad forestal y la aridez mientras que lo hizo negativamente con RGR.

8. Los modelos de biomasa a escala regional de Andalucía se relacionaron positivamente

con el NDVI y la densidad forestal. La aridez mostró relaciones negativas en los

modelos específicos de Quercus. El incremento de aridez proyectada bajo los diferentes
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escenarios climáticos pronostica una reducción en la biomasa forestal de hasta un 18 % 

en los bosques mediterráneos. 

9. La producción forestal mostró mayor complejidad al depender de un mayor número de

variables. La producción forestal del conjunto de especies mostró relaciones positivas

con el componente edáfico (contenido de arcilla y nutrientes), RGR, la biomasa media

de los árboles y la densidad forestal.

10. A nivel regional de Andalucía, la producción forestal se relacionó positivamente con

las variables espectrales (NDVI y NDVIsum), profundidad del suelo y la densidad

forestal mientras que lo hizo negativamente con la aridez. La aridez de los diferentes

escenarios climáticos pronostica una reducción en la producción forestal de hasta un 16

% en los bosques mediterráneos.

11. La fenología de las principales especies forestales en Andalucía demostró un ciclo

diferenciado respecto al resto de los bosques templados del hemisferio Norte. El inicio

de la estación (SOS) para la mayoría de las especies se situó entre otoño e invierno

mientras que el final (EOS) se situó entre la primavera y el verano con el fin de las

precipitaciones y el aumento de las temperaturas.

12. La duración del ciclo fenológico (LOS) mostró gran variabilidad entre especies.

Intraespecificamente, aumentos en la aridez provocaron un retraso en el SOS y en el

EOS.

13. El análisis temporal de los ciclos fenológicos mostró la resiliencia y el reverdecimiento

de las especies frente a eventos climáticos extremos. No se encontraron relaciones entre

la aridez y el SOS, EOS y LOS en el tiempo.
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