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Lo que ocurra con la tierra recaerá sobre los hijos de la tierra. 

 El hombre no tejió el tejido de la vida; él es simplemente uno de sus hilos.  

Todo lo que hiciere al tejido, lo hará a sí mismo. 

 

Jefe Seattle. Carta al presidente de EEUU, 1854. 
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Resumen 
 

Antecedentes. Los ecosistemas forestales albergan una gran biodiversidad a diferentes niveles 

taxonómicos. Los árboles son especies clave para el funcionamiento de los ecosistemas y la 

prestación de servicios ecosistémicos. Se espera que el aumento de las temperaturas, los 

cambios en los patrones de precipitación y los fenómenos climáticos extremos, como las sequías 

y las olas de calor, aumenten como consecuencia del actual cambio climático, amenazando 

potencialmente la persistencia de las poblaciones y especies de árboles forestales. En concreto, 

en las regiones mediterráneas,  que son áreas de una alta biodiversidad, se espera que el cambio 

climático tenga un mayor impacto y se produzca a mayor velocidad que el promedio global, 

sobre todo con sequías más frecuentes y prolongadas. Para evaluar la vulnerabilidad de las 

poblaciones y las especies a estas nuevas condiciones ambientales y anticipar las posibles 

respuestas de los árboles forestales, es importante conocer los niveles de variación genética y 

de plasticidad fenotípica que presentan los individuos en caracteres relacionados con la eficacia 

biológica1, dentro y entre las poblaciones de una especie. Además, el estudio de las posibles 

asociaciones entre la variación genética de los caracteres y la variación climática de la 

procedencia puede ayudarnos a entender los efectos de la acción de la selección natural e 

informar sobre las posibles variables climáticas que han modelado la diversidad genética 

existente. Este conocimiento es especialmente importante en las etapas tempranas de la vida 

de un árbol, que incluyen el periodo crítico de transición de semilla a plántula, durante el cual 

tiene lugar una fuerte mortalidad y presiones selectivas potencialmente altas, y que, además, 

está especialmente amenazado por el aumento de aridez previsto en las regiones 

mediterráneas. 

Objetivos. El objetivo general de esta tesis es investigar los patrones de variación genética 

intraespecífica y la plasticidad fenotípica en caracteres de las etapas tempranas de vida de tres 

especies de árboles forestales, y explorar los potenciales factores climáticos que han podido 

determinar los patrones observados. Las hipótesis generales de trabajo fueron (i) la selección 

natural divergente a lo largo del amplio rango climático de las especies estudiadas ha dado lugar 

a una variación genética significativa entre poblaciones en caracteres tempranos de eficacia 

biológica, (ii) el clima es un factor importante de divergencia genética entre poblaciones a 

                                                           
1 Eficacia biológica hace referencia al término inglés fitness. 
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macroescala y (iii) la plasticidad fenotípica varía entre las poblaciones (interacción genotipo-

ambiente) y entre los caracteres.  

Métodos. Investigamos tres especies de árboles forestales con diferentes rangos de distribución 

y nichos ecológicos. Betula pendula (Capítulo I) tiene una distribución extensa y continua en el 

centro y norte de Europa, mientras que en sus límites meridionales (la cuenca mediterránea) se 

encuentra en pequeñas poblaciones dispersas en zonas de montaña. Quercus faginea (Capítulo 

II) está restringido a la Península Ibérica y al norte de África, y a pesar de tener un rango de 

distribución relativamente pequeño, habita en una amplia variedad de regímenes de 

temperatura y precipitación. Pinus pinaster (Capítulo III) es una conífera de importancia 

económica y ecológica distribuida en la cuenca mediterránea occidental, con poblaciones 

dispersas que habitan en ambientes muy heterogéneos.     

En los capítulos I y III llevamos a cabo sendos experimentos de jardín común para B. pendula y 

P. pinaster replicados en condiciones seminaturales contrastadas, que establecimos mediante 

siembra de semillas recolectadas de poblaciones repartidas por todo el área de distribución de 

las especies en Europa. En estos dos experimentos medimos periódicamente varios caracteres 

tempranos de eficacia biológica, concretamente la tasa y el tiempo de emergencia, el 

crecimiento en altura, la supervivencia y la fenología o el desarrollo ontogénico. En el capítulo II 

investigamos caracteres morfológicos de las hojas, caracteres fisiológicos y alométricos y el 

crecimiento de las plántulas de procedencias climáticamente contrastadas de Q. faginea 

cultivadas en un experimento en invernadero bajo condiciones contrastadas de disponibilidad 

hídrica. 

Se utilizaron modelos mixtos para probar la existencia de diferencias significativas en los 

caracteres entre poblaciones, ambientes experimentales y su interacción. Se realizaron análisis 

de correlación entre los valores medios poblacionales de los caracteres, estimados a partir de 

los modelos mixtos, y las variables geográficas o climáticas de la procedencia, para evaluar el 

papel del ambiente y el clima en procesos de selección divergente. 

Resultados. Encontramos en las tres especies altos niveles de variación genética entre 

poblaciones en los caracteres estudiados, una plasticidad fenotípica significativa en respuesta a 

los ambientes experimentales, y diferencias entre poblaciones en el grado de plasticidad de los 

caracteres (interacción genotipo-ambiente). También encontramos que las diferencias entre 

poblaciones en los caracteres estudiados estaban asociadas a gradientes climáticos, aunque de 

modo diferente para cada especie y tipo de carácter. Los resultados específicos para cada 

especie fueron los siguientes: 
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Las medias poblacionales de los caracteres tempranos de eficacia biológica de B. pendula se 

asociaron principalmente con la latitud de procedencia, mostrando las poblaciones del norte 

mayores tasas de emergencia y menor crecimiento que las poblaciones del sur. Se encontraron 

altos niveles de variación genética intrapoblacional en los caracteres de crecimiento y fenología. 

A pesar de los altos niveles de variabilidad genética entre y dentro de poblaciones observados 

en el jardín común establecido en Alemania, no se observó emergencia de plántulas de ninguna 

población en el jardín situado en el centro de la distribución de la especie, mientras que las pocas 

plántulas que emergieron en el jardín establecido más al sur murieron a lo largo de la primera 

temporada de crecimiento. La falta de emergencia fue el principal cuello de botella demográfico 

observado durante el período de vida estudiado. 

Las medias poblacionales de los caracteres de Q. faginea mostraron una correlación significativa 

con la temperatura mínima del mes más frío y la precipitación anual de la procedencia, 

dependiendo del carácter concreto. Los fenotipos multivariantes observados y su plasticidad se 

asociaron con la adversidad climática de la procedencia, de modo que las poblaciones 

procedentes de ambientes más estresantes mostraron una estrategia más conservadora de uso 

de los recursos junto a una menor plasticidad fenotípica multi-carácter, siendo ésta 

relativamente mayor en los caracteres morfológicos de las hojas que en el resto de los caracteres 

estudiados. Por el contrario, las poblaciones de ambientes más suaves mostraron una mayor 

plasticidad multi-carácter, especialmente en los caracteres fisiológicos y de crecimiento. 

Las medias poblacionales de los caracteres de P. pinaster mostraron una correlación significativa 

con la temperatura media anual y la estacionalidad de la precipitación de las procedencias, 

dependiendo del ambiente de estudio. Se encontró variación genética tanto entre poblaciones 

distantes como entre poblaciones cercanas (al alcance del flujo genético) que habitan en 

condiciones ambientales contrastadas. Las condiciones ambientales de crecimiento tuvieron un 

impacto en las correlaciones entre caracteres, aunque las existentes entre el peso de la semilla 

o el tiempo de emergencia y la eficacia biológica se mantuvieron en todos los jardines comunes. 

La supervivencia de las plántulas fue el principal cuello de botella demográfico a lo largo del 

período de vida estudiado. 

Conclusiones. La temperatura y la precipitación parecen ser los principales factores causantes 

de la divergencia de caracteres entre las poblaciones de las especies estudiadas. Los cambios 

esperados en los valores climáticos medios, así como su variación estacional, tendrán diferentes 

impactos dependiendo de las especies y poblaciones concretas. Sin embargo, se espera que los 

altos niveles de plasticidad fenotípica y variación genética aumenten la probabilidad de 
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persistencia de las especies. El fracaso de la regeneración parece una amenaza importante ante 

el aumento de la aridez previsto en los ecosistemas mediterráneos, especialmente para las 

poblaciones meridionales de las especies con distribución eurosiberiana. 

 

Palabras clave: Betula pendula, caracteres tempranos de eficacia biológica, ecosistemas 

mediterráneos, fenotipo multivariante, jardín común, Pinus pinaster, plasticidad fenotípica, 

Quercus faginea, variación genética, variación clinal.  
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Abstract  
 

Background. Forest ecosystems harbour great biodiversity at different taxonomic levels. Trees 

are key species for ecosystem functioning and service provisioning. Higher temperatures, 

changes in precipitation patterns and extreme climatic events such as droughts and heat waves 

are expected to increase as a consequence of the ongoing climate change, potentially 

threatening the persistence of forest tree populations and species. Specifically, in 

Mediterranean regions, which are biodiversity hotspots, climate change is expected to have a 

greater impact and occur faster than the global average, notably with more frequent and 

prolonged droughts. To assess population and species vulnerabilities to these new 

environmental conditions and anticipate the potential responses of forest trees, it is important 

to know the amount of genetic variation and the levels of phenotypic plasticity in early fitness 

traits, within and among populations. Besides, the investigation of potential associations 

between trait genetic variation and provenance climatic variation may provide insights into the 

action of natural selection and inform on potential climatic variables that have shaped extant 

genetic diversity. This knowledge is especially important at early-life stages, involving the critical 

seed-to-seedling transition, a period subject to strong mortality and potentially high selective 

pressures, and that, moreover, is specially threatened by the expected increase in aridity in 

Mediterranean regions. 

Objectives. The general objective of this thesis is to investigate patterns of intraspecific genetic 

variation and phenotypic plasticity in early fitness traits for three forest tree species, and to 

explore potential climatic drivers of observed patterns. The general working hypotheses were 

(i) divergent selection along the wide climatic range of the studied species has resulted in 

significant among-population genetic variation in early fitness traits, (ii) climate is a major driver 

of macro-scale population divergence and (iii) phenotypic plasticity varies among populations 

(genotype-by-environment interaction) and among studied traits.  

Methods. We investigated three forest tree species with different distributions and ecological 

niches. Betula pendula (Chapter I) has a wide and continuous distribution in central and northern 

Europe, while in its southern limits (the Mediterranean Basin) populations are scattered in 

mountain areas. Quercus faginea (Chapter II) is restricted to the Iberian Peninsula and North 

Africa, and despite having a relatively small distribution range it inhabits a wide range of 

temperature and precipitation regimes. Pinus pinaster (Chapter III) is an economically and 
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ecologically important conifer distributed in the western Mediterranean Basin, with scattered 

populations inhabiting very heterogeneous environments.     

In Chapters I and III we implemented multi-site common garden experiments for B. pendula and 

P. pinaster, respectively, where seeds collected from range-wide European populations of the 

corresponding species were sown in contrasting semi-natural conditions and several early 

fitness traits were monitored periodically, namely emergence rate and time, height growth, 

survival and phenology or ontogenic development. In Chapter II, we investigated leaf 

morphological, physiological, allometric traits and growth in seedlings from climatically 

contrasting provenances of Q. faginea grown in a greenhouse experiment under contrasting 

water availability treatments. 

Mixed effects models were used to test for trait differences among populations, growing 

environments and their interaction. Correlation analyses were implemented between 

population mean trait values estimated from mixed models and provenance geographic or 

climatic variables, to check for evidence of environment- and climate-driven divergent selection. 

Results. Overall, we found high levels of trait genetic variation among populations, significant 

trait plasticity in response to the growing environments, and different trait plasticity among 

populations (genotype-by-environment interaction) in the three species. We also found that 

trait population differences were associated with climatic gradients but patterns were species-

and trait-specific. The specific results for each species were: 

Population means for early fitness traits of B. pendula were primarily associated with 

provenance latitude, with northern populations showing higher emergence rates and lower 

growth than southern populations. High levels of intrapopulation genetic variation were found 

for growth and phenological traits. Despite the high levels of genetic variability among and 

within populations observed in the central common-garden site, all populations failed to emerge 

in the northern site located in the centre of the species distribution, while the small amount of 

emerged seedlings in the southern site died throughout the first growing season. Emergence 

failure was the main demographic bottleneck along the studied life stages. 

Population trait means in Q. faginea were correlated with provenance minimum temperature 

of coldest month and provenance annual precipitation, depending on the specific trait. 

Observed multivariate phenotypes and their plasticity were associated with provenance climatic 

harshness, so that populations from harsher environments showed a conservative resource-use 

strategy coupled with high plasticity in leaf morphological traits but reduced overall plasticity. 
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By contrast, populations from milder environments showed greater plasticity, involving mostly 

physiological and growth traits. 

Population trait means in P. pinaster were correlated with annual mean temperature and 

precipitation seasonality, depending on the experimental site. Genetic variation was found both 

among distant populations and among close (within gene flow range) populations inhabiting 

contrasting environmental conditions. The growing environment had an impact on trait-trait 

correlations, although the relationships among seed mass and emergence time with fitness were 

conserved across common gardens. Seedling survival was the major demographic bottleneck 

along the studied life-stages. 

Conclusions. Temperature and precipitation seem major drivers of population trait divergence 

within the studied species. Expected changes in mean climatic values as well as their seasonal 

variation will have different impacts depending on the particular species and populations. 

Nevertheless, high levels of phenotypic plasticity and genetic variation are expected to increase 

the probability of species persistence. Severe regeneration failure seems a major threat under 

the expected aridity increase in Mediterranean ecosystems, especially for southern populations 

of Eurosiberian species. 

 

Keywords: Betula pendula, clinal variation, common garden, early fitness traits, genetic 

variation, Mediterranean ecosystems, multivariate phenotype, phenotypic plasticity, Pinus 

pinaster, Quercus faginea.  
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Introduction 
 
Forests in a changing climate 

Forests cover 31% of the global land area (FAO, 2020), and approximately a third of the total 

European land area (Eurostat, 2009; San-Miguel-Ayanz et al., 2016). Forests represent hotspots 

of diversity at different levels of biological organization (genes, species and ecosystems, FAO, 

2020). Trees are the dominant lifeform in forest habitats and are ecologically key species 

providing habitat for a diversity of plants, fungi and animals (Ellison et al., 2005; Rivers et al., 

2019). They provide numerous ecosystem services such as water purification, oxygen production 

and soil stability, as well as various direct benefits for human populations, including cultural and 

recreational services, and wood and non-wood products (Pan et al., 2011; Hanewinkel et al., 

2013). Forests also avoid soil degradation and leaching, thus preventing desertification in 

Mediterranean ecosystems (Peñuelas & Sardans, 2021). Furthermore, they absorb between 15 

and 30% of human CO2 emissions, contributing to buffering global warming (Canadell & 

Raupach, 2008; Le Quéré et al., 2018; Harris et al., 2021). 

European forests are expected to be impacted by changes in temperature and water regimes 

and associated increases in natural disturbances (Lindner et al., 2014). The average temperature 

in Europe has increased by 1.3C since the late 1800s (IPCC, 2014) and is expected to continue 

increasing in the future with regionally and seasonally varying rates. Warming is being greatest 

in Northern Europe, especially in winter, with low-temperature extremes becoming less 

frequent (EEA, 2017).  By contrast, the Mediterranean region, and especially the Iberian 

Peninsula, is getting warmer mostly in summer, with high-temperature extremes becoming 

more frequent. Climate models consistently show that these warming trends will continue in 

the future (Goodess et al., 2009; Kjellström et al., 2011). Trends are less clear for precipitation 

regimes, with projected increases in precipitation in Northern Europe and decreases in 

Mediterranean regions (Kjellström et al., 2011). Remarkable increases in extreme climatic 

events are expected, in particular heat waves, droughts and heavy precipitation events 

(Beniston et al., 2007; Lenderink & Van Meijgaard, 2008; Goodess, 2013). Furthermore, summer 

hydrological droughts may become more severe as a result of increasing evaporation, even in 

regions where precipitation is expected to increase (Wong et al., 2011). 

According to the European Red List of Trees, all tree species will be directly or indirectly  

impacted by climate change (Rivers et al., 2019). Climate change has already affected the 
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distribution and demography of some tree species. Range shifts towards higher altitudes and 

latitudes in the last decades are well documented in the northern hemisphere (Gottfried et al., 

2012; Pauli et al., 2012). However, the impacts of climate change are not homogeneous globally, 

with some regions being particularly vulnerable. This is the case of Southern Europe, where 

many species restricted to mountain habitats may lack migration options, as shifting their 

distribution in altitude is physically limited and the heterogeneity of habitats may impede 

latitudinal migration (Pauli & Halloy, 2019). Besides, increases in the duration and frequency of 

drought periods will produce tree growth declines (Lindner et al., 2014), will impede tree 

regeneration (Cochrane et al., 2015a,b), and might derive in important tree dieback events 

(Allen et al., 2010; Anderegg et al., 2013; Rigling et al., 2013) in many areas world-wide.  

These climatic adversities are expected to result in habitat reductions and even population 

extinctions for some species, while others are expected to be benefited from these changes, 

thus altering community composition (Bachofen et al., 2018). The diverse strategies displayed 

by different species to cope with water stress will substantially influence their vulnerability to 

climate change in Mediterranean regions. Species distribution models have predicted range 

contractions for pine species such as Pinus cembra  and P. sylvestris in Mediterranean regions 

while a substantial range expansion of oak species such as Quercus pubescens and Q. ilex is 

projected (Casalegno et al., 2010; Cheaib et al., 2012; Rigling et al., 2013; Vacchiano & Motta, 

2015). Importantly, most species distribution models predicting species range shifts in response 

to climate change are based on adult tree requirements (Benito Garzón et al., 2019), overlooking 

reproductive and regeneration stages, which have a large contribution to life-long fitness and 

are commonly highly sensitive to climate (Verdú & Traveset, 2005).  

Early fitness traits and regeneration 

Forest regeneration is a prerequisite for long-term sustainability of forest systems. In Europe, 

around 66% of forests originate from natural regeneration (Lier & Schuck, 2020). Climate change 

impacts are expected to be higher at early life stages, as the transition from seed to seedling is 

particularly vulnerable to abiotic stress and is subjected to high mortality rates and strong 

selective pressures (Petit & Hampe, 2006; Manso et al., 2013). In Mediterranean regions, failure 

of the natural regeneration process is a matter of concern in forest management and 

conservation (Mendoza et al., 2009), and limited regeneration capacity has been documented 

even for well adapted Mediterranean species such as oaks (Plieninger et al., 2010 and references 

therein) and pines (Ribeiro et al., 2022). Projected increases in aridity, longer drought periods 

and heat waves are expected to aggravate this situation, as drought has been identified as the 
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main limiting factor for seedling establishment in this region (e.g., Rey & Alcántara, 2000; Gómez 

et al., 2001; Traveset et al., 2003; Urbieta et al., 2008). A lack of regeneration may result in a 

loss of the evolutionary potential of the populations and species of interest (Climent et al., 

2021), and furthermore, in population or species extinctions if sustained over time.  

The transition from seed to seedling is especially important for plant adaptation because, being 

among the earliest life stages, it sets the basis for subsequent development and natural selection 

(Donohue et al., 2010; Larson et al., 2020). This has two important implications, on the one hand, 

the temporal and spatial patterns of seedling establishment strongly condition the 

microenvironment of successive life stages (Donohue, 2002). On the other hand, the high 

mortality rates and selective pressures at early life stages may filter standing genetic variation, 

with genotypes favored by viability selection providing the template for later selective processes 

(Larson et al., 2015; Robledo-Arnuncio & Unger, 2019). Thus, investigations where seedlings or 

saplings are grown under favorable nursery conditions and later subjected to experimental or 

natural stress, may provide a biased view of adaptive variation, as they skip early components 

of fitness with a potentially disproportionate contribution to life-long fitness (Gibson et al., 

2016). 

In order to predict future species distributions and their vulnerability to climate change, it is of 

great importance to consider the regeneration niche of a species, which is often more restricted 

than the adult tree niche (Grubb, 1977; Jackson et al., 2009; Lenoir et al., 2009; Bell et al., 2014; 

Dobrowski et al., 2015; Caron et al., 2021). Characterizing current intraspecific genetic variation 

and plasticity in early fitness traits, along with its environmental correlates, will improve our 

understanding on environmental drivers of trait genetic variation and the limits of plastic 

responses, which should prove useful for predicting future evolutionary trajectories (Cochrane 

et al., 2015c).   

Intraspecific genetic variation in forest species 

Intraspecific genetic variation provides the basic material for evolutionary change (May, 1994). 

Extant patterns of genetic variation are the result of species responses to evolutionary forces 

operating in current and past environments (Savolainen et al., 2007). Adaptive genetic 

divergence among populations of widely distributed forest tree species is common (e.g. 

Ramírez-Valiente et al., 2015; Maes et al., 2020), suggesting that climate change impacts may 

not be homogeneous across species ranges (Davis et al., 2005). Therefore, knowledge of 

patterns of genetic variation and their evolutionary bases are of great practical significance 

(White et al., 2007). The potential role of intraspecific variation in the response to climate 
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change has often been neglected (IPCC, 2001, 2007). Only recently, species distribution models 

have begun to incorporate intraspecific genetic variation, which has been shown to strongly 

alter model outcomes regarding future species distributions and climate change vulnerability 

(Morin & Thuiller, 2009; Benito Garzón et al., 2011; Valladares et al., 2014; Benito Garzón et al. 

2019). 

Tree species inhabit heterogeneous environments, which may influence individual survival and 

reproduction (and thus fitness) in different ways (Reich et al., 2003; Petit & Hampe, 2006). 

Diverse environmental conditions across species distribution ranges may thus produce divergent 

selective pressures among populations (Aitken et al., 2008). The association of intraspecific 

variation in functional traits (i.e. traits tightly associated with fitness, Violle et al., 2007) with 

environmental gradients is suggestive of species adaptation to environmental clines through 

natural selection (Alberto et al., 2013). At the molecular level, divergent selection along a 

continuous environmental gradient is expected to produce a corresponding gradual change in 

the allele frequencies of quantitative trait loci, thus evidencing adaptation to the specific 

environmental gradient (White et al., 2007). The long history of genecological studies (those 

investigating genetic variation along environmental gradients, Aitken et al., 2008), has provided 

solid evidence of the role of climate, specially temperature and precipitation, in driving 

population trait genetic differentiation within forest tree species (Moles et al., 2014; Silva et al., 

2019; Ramírez-Valiente et al., 2021b). Investigating current patterns of genetic variation and 

their environmental correlates has been used as a tool to study past evolutionary processes and 

elucidate the role of environmental factors as selective agents (Moran et al., 2016; Anderson & 

Song, 2020). This represents crucial information to better predict future evolutionary 

trajectories under new selection pressures in the context of climate change. 

While patterns of intraspecific trait genetic variation are commonly investigated and found in 

forest tree species over large spatial scales (Alberto et al., 2013; Baughman et al., 2019; Ramírez-

Valiente et al., 2021a), whether populations genetically diverge at smaller spatial scales has 

received comparatively little attention. The potential for long-distance gene flow in trees, 

especially in wind-pollinated species, has generally lead to the assumption that nearby 

populations or tree stands should be genetically homogeneous (Richardson et al., 2014). 

However, theory predicts that if selective forces are strong enough, they can overcome the 

homogenizing effect of gene flow even over short distances. On this regard, fine-scale 

divergence has been mostly investigated along altitudinal gradients, with multiple studies 

reporting trait genetic differences among tree stands located few hundreds meters apart (e.g. 
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Scheepens et al., 2010). In contrast, genetic divergence in response to other kinds of sharp fine-

scale environmental gradients such as soil properties or edaphic water supply remains largely 

understudied in forest tree species (but see e.g. Eckert et al., 2015). Empirical evaluations of the 

minimum spatial scale over which natural selection along steep environmental gradients 

overrides gene flow are still scant, even if they would provide valuable information on the scales 

of adaptive evolution for conservation genetics and management plans. 

Clinal trait variation is species- and trait-specific (Bussotti et al., 2015; Santini et al., 2019) and 

there are potentially as many different clines as traits measured (White et al., 2007; Warwell & 

Shaw, 2017). However, evidence suggests that natural selection acts on trait combinations 

(correlational selection, Damián et al., 2020) and besides, genetic trait correlations and 

biomechanical constraints potentially limit the genetic variation that can be expressed for a 

single trait, thus, it is advisable to examine climatic adaptation patterns from a multivariate 

phenotypic perspective to better understand how selection acts on interrelated traits (Murren, 

2002, 2012). In fact, traits generally vary coordinately, forming a multivariate functional 

phenotype that interacts in turn with a combination of climatic variables and their temporal 

variation (Schlichting, 1989; Hufford et al., 1999; Olson & Miller, 1999; Pigliucci, 2003; Valladares 

et al., 2007). For example, Díaz et al. (2016) in a study on trait correlations across diverse plant 

taxa and life forms showed that some particular trait combinations in the considered 

multivariate phenotypic space were strongly conserved among species, suggesting that traits do 

not evolve independently from one another. These common trait associations have motivated 

the definition of plant adaptive strategies based on different trait syndromes (i.e. correlated 

suites of traits), which have been described extensively at interspecific level along resource 

gradients (Westoby et al., 2002; Reich et al., 2003; Wright et al., 2005; Reich, 2014). At lower 

taxonomic levels, trait syndromes have received less attention, and found patterns of trait 

covariation not always resemble those found at interspecific level (Messier et al., 2010; Rosas et 

al., 2019). Advancing our knowledge on how multi-trait phenotypes within species are shaped 

by environmental conditions would allow a better understanding of potential multivariate 

constraints to adaptive evolution. 

Phenotypic plasticity 

In addition to adaptive genetic variation, forest tree species rely on phenotypic plasticity to 

respond to environmental changes (Valladares et al., 2014). Phenotypic plasticity refers to the 

ability of a given genotype to express different phenotypes in different environments 

(Bradshaw, 1965; Schlichting, 1989; West-Eberhard, 2003; Sultan, 2004). It is especially 
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important in forest tree species, as they are sessile and long-lived organisms, and thus, 

experience contrasting environmental conditions throughout their lifetimes (Petit & Hampe, 

2006). The potential adaptive role of phenotypic plasticity in evolution had received little 

attention until recent decades, and it was even interpreted as noise in earlier genetic studies 

(Forsman, 2015; Matesanz & Ramírez-Valiente, 2019). Nowadays, the contribution of 

phenotypic plasticity to the evolutionary process is attracting increasing interest, especially in 

the face of climate change (Sultan, 2000; Agrawal, 2001; Pigliucci & Hayden, 2001; Miner et al., 

2005; Pigliucci, 2005; Nicotra et al., 2010; Chevin et al., 2010; Wennersten & Forsman, 2012; 

Forsman, 2015; Kelly, 2019). It is now well recognized that the phenotype (which is the object 

of natural selection) is the result of the interaction between the genotype and the environment. 

In cases where all genotypes show a similar response to the environment (i.e. parallel reaction 

norms across environments), predicting the outcome of a given environment on the phenotype 

is straightforward (Matesanz & Ramírez-Valiente, 2019). However, empirical evidence shows 

that in many cases the response to the environment is genotype specific, resulting in a genotype-

by-environment interaction that precludes generalization of responses. Phenotypic plasticity 

can produce better adapted phenotypes (adaptive plasticity), different phenotypes with equal 

fitness (neutral plasticity) and even phenotypes less suited to the local environment 

(maladaptive plasticity) (Nicotra et al., 2010; Aspinwall et al., 2015).  

It is thus important to disentangle genetic versus environmental determinants of observed 

phenotypic variation, as their relative contribution determines the efficiency of selection and 

the evolutionary potential (Sultan, 2000). Phenotypic plasticity may interact with natural 

selection in different ways. On the one hand, plasticity can blur genetic variation, by reducing 

phenotypic differences among genotypes, thus hiding genetic variation from the action of 

natural selection (Conover & Schultz, 1995; Baquedano et al., 2008; Schmid & Guillaume, 2017). 

By contrast, phenotypic plasticity can enhance the expression of genotypic differences in novel 

environments that were not expressed under previous conditions (i.e. cryptic genetic variation) 

(Suzuki & Nijhout, 2006; Crispo, 2008; Crispo et al., 2010; Hoffmann & Sgrò, 2011; Mallard et al., 

2020). Phenotypic plasticity has been also shown to “buy time” for adaptive evolution, allowing 

organisms to respond to rapid environmental changes while genetic evolution operates (Hufford 

et al., 1999; Pigliucci, 2001; West-Eberhard, 2003; Lande, 2009). Finally, phenotypic plasticity 

can be regarded as a trait by itself, and thus has the potential to evolve if heritable genetic 

variation exists (Scheiner, 1993; Shaw & Etterson, 2012). 
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Differences in plasticity among genotypes imply that the response to climate change may differ 

among populations of a given species. A better understanding of the variation of plasticity of 

traits across populations could benefit species distribution models and potentially improve their 

outcomes (Benito Garzón et al., 2011; Gárate-Escamilla et al., 2019). As discussed for genetic 

variation, natural selection acts on whole phenotypes, and thus, on the combined expression of 

plasticity among traits (Schlichting, 1989; Bateson & Gluckman, 2012; Robinson & Beckerman, 

2013). The study of multivariate plasticity is an under-explored field that would provide insights 

into the limits of plasticity and the potential evolutionary outcomes of climate change (Forsman, 

2015).  

Methodological overview 

Common garden experiments 

The expression of most functional traits involves many unknown loci with relative small effect 

and, even with the advent of polygenic genomic approaches, quantitative genetic approaches 

are considered powerful tools to study adaptive evolution of species and populations 

(Savolainen et al., 2013). The genetic and environmental determinants of a given phenotype can 

be disentangled as follows. On the one hand, common garden experiments, where different 

genotypes are grown under similar environmental conditions, allow minimizing environmental 

versus genetic contributions to the observed phenotypic variation (Clausen et al., 1941). On the 

other hand, multi-site experiments, where the same or related genotypes are grown under 

contrasting environmental conditions, allow to quantify phenotypic plasticity. Thus, a combined 

design (multi-site common garden) where multiple genotypes are grown under different 

environments allows to know the genetic determinism of observed phenotypic variation, the 

effect of the growing environment (plasticity) and the differences in plastic responses among 

genotypes (genotype-by-environment interaction). 

If we aim to understand how evolutionary processes have shaped extant phenotypic variation, 

it is important to assess genetic and plastic effects under natural or seminatural conditions, as 

artificial experimental conditions may not realistically reflect levels of genetic and plastic 

variation in natural environments (Conner et al., 2003). Additionally, if we aim to predict future 

species vulnerabilities and evolutionary trajectories, investigating trait variation under 

environments recreating climate change predictions would be highly informative, especially if 

multiple environmental variables are taken into account simultaneously. 
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In this thesis, we have implemented two multi-site common garden experiments to investigate 

among-population genetic and plastic divergence in early fitness traits under semi-natural 

conditions (i.e, under natural abiotic conditions, but reducing biotic factors such as competition 

and predation). Besides, we have tested the response of seedlings from different populations to 

contrasting water availability conditions, well-watered versus dry greenhouse conditions, in 

order to assess the genetic variation and phenotypic plasticity of the studied populations.  

Studied species, traits and environments 

Although temperate forests have been the focus of much research interest, Mediterranean 

ecosystems are relatively underrepresented in research (Lefèvre et al., 2013) and consequently, 

in European management plans (Schueler et al., 2014). Mediterranean ecosystems are hotspots 

of biodiversity (Quézel & Médail, 2003; Gauquelin et al., 2018), and they are predicted to be 

highly impacted by climate change, with faster and stronger changes expected in the region than 

the global average (IPCC, 2014). Besides, in the context of expected increases in aridity 

worldwide, these ecosystems are of primary importance for several reasons. First, they have 

been biodiversity reservoirs during glacial and postglacial periods, harbouring diverse and 

unique gene pools for many species (Petit et al., 2005). Second, many European forest species 

find their southern distribution limits in the Mediterranean region, with local populations 

potentially carrying adaptive alleles that might help adaptation of more northern populations 

under future drier conditions (Hampe & Petit, 2005; Petit et al., 2005). Third, understanding 

current patterns of adaptive variation of Mediterranean species may provide useful information 

on future evolutionary trajectories of tree populations under warmer and drier climates (Lindner 

et al., 2010). 

Both the patterns of adaptive variation and the impacts of climate change are expected to be 

species-specific, as a consequence of differences in evolutionary (phylogenetic) history, 

distribution ranges and biological characteristics (Alberto et al., 2013). In this thesis, we have 

focused on three ecologically important forest tree species: two keystone Mediterranean 

species (Pinus pinaster Ait. and Quercus faginea Lam.), and one Eurosiberian species (Betula 

pendula Roth). B. pendula (Chapter I) is a broadleaf deciduous species, widely and continuously 

distributed across Europe, although with scattered populations in the southern margins, where 

the warm and dry conditions of the Mediterranean Basin limit its distribution to mountain areas. 

Climatic projections suggest that this species distribution will increase northwards in future 

decades, while population extinctions are expected in the rear-edge because of increasing 

summer drought (Dyderski et al., 2018). Q. faginea (Chapter II) is a marcescent (semi-deciduous) 
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species with an intermediate drought tolerance between the Mediterranean evergreen 

sclerophyllous and temperate deciduous oaks. Even though its main distribution area is 

restricted to the Iberian Peninsula it occupies a wide range of climatic conditions from mild 

coastal habitats to harsh continental areas. P. pinaster (Chapter III) is a Mediterranean conifer 

with a wide ecological range. Previous studies have revealed substantial genetic structure in this 

species, with strong population differences in growth, survival, and some functional traits 

related to drought tolerance, but for which genetic trait variation at early-life stages is still not 

well understood.  

In Chapters I and III, we have focussed on functional phenotypic traits expressed during the 

critical seed-to-seedling transition. We investigated B. pendula and P. pinaster early fitness trait 

genetic variation, plasticity and their potential climatic drivers, monitoring seedling emergence 

date and rate, height growth and survival in multi-site common gardens. In Chapter II, we 

conducted a deeper multi-trait phenotyping of seedlings from different Q. faginea provenances 

growing in the greenhouse under contrasting water regimes, including leaf morphological, 

physiological, growth and allometric traits to explore the role of climate in the evolution of 

resource-use strategies in this species.  

Statistical analysis 

We overview here the general methodological approach and workflow employed in the thesis. 

Specific methods and statistical analysis are detailed in each chapter. In all three experiments, 

we implemented linear or generalized mixed effects models, depending on the nature of the 

trait under study (continuous or binomial, respectively). These models allowed us to test the 

effects on seedling phenotypic variation of the growing environment, the population and the 

interaction between both, which represents variation in phenotypic plasticity among 

populations. A beneficial aspect of mixed models is their ability to incorporate the hierarchical 

structure of the data, partitioning the variance among grouping variables and avoiding 

pseudoreplication (Zuur et al., 2009; Harrison et al., 2018). In this thesis, families within 

populations and the experimental design were accounted for as random effect factors in the 

models. When either the effect of population or population-by-environment interaction were 

significant (i.e, there was genetic variation among populations for mean trait values and/or their 

plasticity), we extracted the population means. 

For each species, we selected geographic or climatic variables based on their reported ecological 

importance and their spread in climatic principal component analyses (PCA). We then performed 



  Introduction 

10 
 

correlation analyses between provenance climatic variables and the population mean trait 

values estimated in the experiments, looking for clinal trait variation potentially indicative of 

climatic adaptation. Furthermore, we performed trait-trait correlations to test how the growing 

environment affected the coordination among traits and to investigate conserved correlations 

across growing environments that might suggest causal relations among traits.   
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Objectives 
 

The general objective of this thesis is to investigate intraspecific trait genetic variation and 

phenotypic plasticity in early life stages, and their potential climatic drivers, in three European 

forest tree species (Betula pendula, Quercus faginea and Pinus pinaster). The specific objectives 

are:  

i) To assess patterns of among-population genetic variation in early fitness traits across the 

natural range of the three forest tree species,  

ii) to explore the potential role of geographic and provenance climatic factors in driving observed 

patterns of trait population divergence 

iii) to investigate the phenotypic plasticity of the three species to contrasting growing 

environments, and whether among-population genetic variation in phenotypic plasticity exists 

(i.e. genotype-by-environment interaction) 

 iv) to examine trait correlations and their variation among growing environments.  

The working hypotheses were that divergent selection along the wide climatic range of the 

studied species has resulted in significant among-population genetic variation in early fitness 

traits, that climate is a major driver of macro-scale population differentiation and that 

phenotypic plasticity varies among populations (genotype-by-environment interaction) and 

among studied traits, thus affecting trait correlation patterns of potential adaptive significance. 

Conducting experiments to help test these hypotheses may provide useful information on 

potential early-life genetic and plastic responses to climatic variation in the three study species, 

information that could be employed to refine predictive species distribution models as well as 

forests conservation management plans. 

To reach these objectives, we implemented three different experimental studies that 

correspond to the three chapters of this thesis:  

 The first study (Chapter I) addresses whether the Eurosiberian species Betula pendula shows 

population differentiation in early fitness traits along a wide latitudinal gradient and 

explores the levels of trait genetic variation at intrapopulation level. 
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 The second study (Chapter II) focuses on the Mediterranean broadleaved Quercus faginea 

to assess whether populations display divergent resource-use strategies and phenotypic 

plasticity in response to two water availability regimes, and to explore the role of climate in 

driving multi-trait population divergence. 

 The last study (Chapter III) investigates the existence of population differentiation in early 

fitness traits both along macro-climatic clines and over fine spatial scale in the 

Mediterranean conifer Pinus pinaster under contrasting growing environments.  

 

These three studies have resulted in two original scientific articles already published in SCI 

journals and a third one that is currently in preparation for submission:  

 

Solé-Medina A, Heer K, Opgenoorth L, Kaldewey P, Danusevicius D, Notivol E, Robledo-Arnuncio 

JJ, Ramírez-Valiente JA. 2020. Genetic variation in early fitness traits across European 

populations of silver birch (Betula pendula). AoB Plants, 12(3), plaa019.  

https://doi.org/10.1093/aobpla/plaa019 

 

Solé-Medina A, Robledo-Arnuncio JJ, Ramírez-Valiente JA. 2022. Multi-trait genetic variation in 

resource-use strategies and phenotypic plasticity correlates with local climate across the range 

of a Mediterranean oak (Quercus faginea). New Phytologist, 234:462-478.  

https://doi.org/10.1111/nph.17968 

 

Solé-Medina A, Hurel A, Avanzi C, Robledo-Arnuncio JJ, González-Martinez SC, Vendramin GG, 

Bagnoli F, Piotti A, Ramírez-Valiente JA. Phenotypic variation in early fitness traits along macro-

climatic clines and at fine spatial scale in European Pinus pinaster populations (In preparation).  
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Chapter I  
 

Genetic variation in early fitness traits across 
European populations of silver birch (Betula pendula) 
 

 

 

 

Article published and made available under a Creative Commons Attribution 
license: 

Aida Solé-Medina, Katrin Heer, Lars Opgenoorth, Phillip Kaldewey, Darius 
Danusevicius, Eduardo Notivol, Juan J Robledo-Arnuncio, José A Ramírez-
Valiente. 2020. Genetic variation in early fitness traits across European 
populations of silver birch (Betula pendula), AoB PLANTS, Volume 12, Issue 
3, https://doi.org/10.1093/aobpla/plaa019 
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Chapter II  
 

Multi-trait genetic variation in resource-use strategies and 
phenotypic plasticity correlates with local climate across the 
range of a Mediterranean oak (Quercus faginea Lam.) 
 

 

 

 

 

 

Article published and made available under Copyright Clearance Center’s RightsLink® 
service:  

Aida Solé-Medina, Juan José Robledo-Arnuncio, and José Alberto Ramírez-Valiente. 
(2022). Multi-trait genetic variation in resource-use strategies and phenotypic plasticity 
correlates with local climate across the range of a Mediterranean oak (Quercus faginea). 
New Phytologist 234: 462-478. https://doi.org/10.1111/nph.17968
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Supporting Information  

Methods S1 Detailed description of measured seedling traits in the Quercus faginea common-garden 

glasshouse experiment. 

Fig. S1 Box-plots for water potential in the well-watered and dry treatments at the end of the Quercus 

faginea common-garden experiment. 

Fig. S2 Relative change of mean trait values in the dry treatment relative to the well-watered 

treatment in the Quercus faginea common-garden experiment. 

Table S1 Geographical coordinates, average of selected provenance climatic variables and annual 

index of moisture for the ten studied Quercus faginea populations.  

Table S2 Least-squared population means ± SE of morphological traits and survival rate in the 

Quercus faginea common-garden experiment. 

Table S3 Least-squared population means ± SE of physiological traits measured one month after the 

start of the watering treatments in the Quercus faginea common-garden experiment. 

Table S4 Least-squared population means ± SE of physiological traits measured five months after 

the start of the watering treatments in the Quercus faginea common-garden experiment. 

Table S5 Least-squared population means ± SE of growth and allocation traits in the Quercus faginea 

common-garden experiment. 

Table S6 List of all Quercus faginea provenance climatic variables considered and their loadings on 

the first two axes (PC1_clim and PC2_clim) of the climatic principal component analysis.   

Table S7 Pearson correlation coefficients between provenance average climatic values and trait 

population means measured under the well-watered and dry treatments of a Quercus faginea 

common-garden experiment. 
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Methods S1 Detailed description of measured seedling traits in the Quercus faginea common-

garden glasshouse experiment. 

Leaf morphological traits 

Two months after the start of the watering treatments, we collected one leaf per seedling for 

morphological analyses, selecting the same leaves used for the first round of Chlorophyll a 

fluorescence and stomatal conductance measurements one month before (see details below). We 

measured leaf thickness in fresh leaves using a micrometre. Then, we scanned leaves to determine 

leaf lamina area and perimeter using WinFOLIA software (Regent Instruments Inc.), calculating leaf 

perimeter-to-area ratio, a measure of leaf size and shape complexity (e.g. lobulation) (Table 1). 

Finally, we oven-dried the leaves at 60C, weighted them and calculated specific leaf area (SLA; see 

Table 1 for formulae). 

Physiological traits 

We measured stomatal conductance and different parameters of Chlorophyll a fluorescence as 

surrogates of photosynthetic activity and excess energy dissipation. We measured these traits twice, 

one and five months after the start of the watering treatments. The first-month measurements were 

taken in seedlings with well-developed leaves (n = 932). We used a portable pulse-modulated 

fluorometer (FMS2, Hansatech Instruments Ltd, Norfolk, UK) to measure minimal (F0) and maximal 

(Fm) fluorescence at predawn (between 6 and 8 am) in dark-adapted leaves. At midday, we measured 

maximal (Fm’) and steady-state (Fs) fluorescence in the same spots of the same leaves used for 

predawn measurements. In addition, we applied a far-red pulse (740 nm) for 5 s to obtain minimum 

light-adapted fluorescence (F0’). In the same days, we measured area-based stomatal conductance 

(gsarea) at midday with a “Leaf Porometer” (SC-1; Decagon Devices, Pullman, WA, USA). Midday 

Chlorophyll a fluorescence and stomatal conductance were taken within a window of 3 h. We 

conducted the fifth-month measurements in a subsample of plants (n = 530 for predawn and n = 290 

for midday) following the same procedure. 

As physiological traits for analysis, we calculated (formulas in Table 1): (i) the maximum quantum 

yield of photosystem II (PSII) in dark- and light-adapted leaves(Fv/Fm and Fv’/Fm’, respectively), 

which represent the photochemical efficiency if all PSII centres were open; (ii) the effective quantum 

yield of PSII (φPSII), which represents the proportion of absorbed energy being used in 

photochemistry; (iii) the non-photochemical quenching (NPQ), which represents the excess energy 
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dissipation as heat (Maxwell & Johnson 2000) and which was only calculated for the first-month 

measurements, since dark-adapted Fm values after five months were already quenched (Logan et al., 

2007); and (iv) the stomatal conductance per unit leaf area (gsarea) and mass (gsmass). 

Growth traits 

We measured height and diameter of all alive seedlings at the beginning of the watering treatments 

and at the end of the experiment.  We calculated absolute growth rate (AGR) and relative growth rate 

(RGR) in height (definitions in Table 1). As absolute and relative diameter growth rates were strongly 

correlated with the corresponding ones in height (r = 0.75, P < 0.001 and r = 0.65, P < 0.001, 

respectively), we only show the latter. We also calculated the slenderness index (SI) at the end of the 

experiment, a metric of seedling mechanical resistance (Alméras & Fournier, 2009) (Table 1).  

At the end of the experiment, we harvested the aboveground biomass of 368 seedlings (between 28 

and 68 seedlings per population/treatment), and oven-dried it at 60C. We weighted separately 

leaves and stems and calculated leaf-to-stem ratio (L:S) and total aboveground biomass (Biomass). 

We also harvested the roots of 169 seedlings in the DRY treatment and calculated root-to-shoot ratio 

(R:S) (Table 1).   

Water potential and survival 

At the end of the experiment, we assessed final survival and randomly sampled 15 alive seedlings per 

treatment to measure the predawn leaf water potential with a Scholander pressure chamber (PMS 

Instrument Co. 7000, Corvallis, OR, USA). 
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Fig. S1 Box-plots for water potential in the well-watered (n = 15) and dry (n = 15) treatments at the 

end of the Quercus faginea common-garden experiment. 
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Fig. S2 Relative change of mean trait values in the dry treatment relative to the well-watered 

treatment in the Quercus faginea common-garden experiment. Colours indicate leaf morphology 

(yellow), physiology (green) and growth and allocation (brown) traits. Asterisks indicate significant 

differences among treatments (* P < 0.05, **P < 0.01, ***P < 0.001). See Table 1 for trait abbreviations.  
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Table S1 Geographical coordinates, average of selected provenance climatic variables and annual 

index of moisture (Im,annual) for the ten studied Quercus faginea populations. The variables were 

annual mean temperature (AMT), maximum temperature of the warmest month (Tmax), minimum 

temperature of the coldest month (Tmin), temperature range (Trange), annual precipitation (AP) 

and precipitation of the driest quarter (Pdry). Average climatic values were extracted from 

WorldClim for 1970-2000 reference period (Fick & Hijmans 2017). 

 

Population 
Latitude 

(°) 
Longitude 

(°) 
AMT 
(°C) 

Tmax 
(°C) 

Tmin 
(°C) 

Trange 
(°C) 

AP 
(mm) 

Pdry 
(mm) 

Im,annual 
(mm) 

PEN 40.034 -8.371 15.8 29.3 5.7 23.6 935 62 248 
BOS 36.767 -5.525 16.2 30.3 5.5 24.8 741 18 -97 
VAL 42.897 -3.238 9 22.3 -0.6 22.9 925 172 408 
VIL 41.24 1.057 12.9 26.3 1.7 24.6 657 131 68 
ALA 38.036 -5.675 14.9 33.9 1.9 32 687 31 -90 
SAL 40.866 -5.846 11.8 29.1 -0.1 29.2 464 55 68 
QUI 41.621 -2.654 10.7 27.9 -1.8 29.7 529 98 -128 
VIS 38.483 -3.739 14.2 33.7 0.8 32.9 531 38 -242 
SOT 40.745 -3.747 12 28.7 0 28.7 471 63 -207 
MOL 40.812 -1.842 10.1 26.1 -2.7 28.8 491 100 -120 
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Table S2 Least-squared population means ± SE of morphological traits and survival rate in the Quercus faginea common-garden 

experiment. Letters indicate homogenous groups using Tukey’s HSD tests for the well-watered (WW) and dry treatments (DRY), separately. 

See Table 1 for trait abbreviations. Populations are ordered according to their score on the second axis of the climatic PCA (PC2_clim). 

 
Population Treatment SLA   LT   LLA   P:A   Survival   
PEN WW 135.58 ± 3.18 a 0.15 ± 0.00 c 10.66 ± 0.76 a 1.55 ± 0.09 c NA   
BOS WW 123.81 ± 3.38 bc 0.16 ± 0.00 abc 9.64 ± 0.79 abc 1.71 ± 0.10 bc NA  
VAL WW 126.08 ± 3.05 b 0.16 ± 0.00 bc 10.28 ± 0.74 ab 1.67 ± 0.09 bc NA  
VIL WW 123.48 ± 3.47 bc 0.17 ± 0.01 ab 8.15 ± 0.82 bcd 1.91 ± 0.10 ab NA  
ALA WW 117.84 ± 3.47 bc 0.16 ± 0.01 abc 9.17 ± 0.81 abc 1.75 ± 0.10 bc NA  
SAL WW 116.49 ± 3.62 bc 0.17 ± 0.01 ab 10.67 ± 0.84 a 1.63 ± 0.10 bc NA  
QUI WW 120.38 ± 3.83 bc 0.18 ± 0.01 a 7.91 ± 0.88 bcd 1.94 ± 0.11 ab NA  
VIS WW 120.55 ± 3.11 bc 0.17 ± 0.00 ab 8.02 ± 0.75 cd 1.84 ± 0.09 ab NA  
SOT WW 115.87 ± 3.12 c 0.17 ± 0.00 a 8.87 ± 0.75 abc 1.81 ± 0.09 b NA  
MOL WW 117.98 ± 3.07 bc 0.18 ± 0.00 a 6.89 ± 0.74 d 2.04 ± 0.09 a NA   
PEN DRY 132.07 ± 3.27 a 0.15 ± 0.01 c 7.89 ± 0.61 ab 1.80 ± 0.09 d 0.71 ± 0.11 a 
BOS DRY 122.56 ± 3.43 abc 0.17 ± 0.01 ab 7.45 ± 0.66 abc 1.96 ± 0.10 cd 0.88 ± 0.07 a 
VAL DRY 123.09 ± 3.11 ab 0.16 ± 0.00 bc 8.21 ± 0.57 a 1.90 ± 0.08 cd 0.71 ± 0.11 a 
VIL DRY 124.01 ± 3.53 ab 0.17 ± 0.01 abc 5.77 ± 0.68 bcd 2.18 ± 0.10 abc 0.82 ± 0.09 a 
ALA DRY 114.62 ± 3.49 bcd 0.17 ± 0.01 ab 8.78 ± 0.68 a 1.88 ± 0.10 cd 0.76 ± 0.11 a 
SAL DRY 112.76 ± 3.63 bcd 0.18 ± 0.01 a 6.65 ± 0.71 abcd 2.11 ± 0.11 bcd 0.75 ± 0.12 a 
QUI DRY 113.66 ± 3.80 bcd 0.18 ± 0.01 a 5.16 ± 0.75 cd 2.47 ± 0.11 ab 0.73 ± 0.13 a 
VIS DRY 112.65 ± 3.14 cd 0.18 ± 0.00 ab 6.59 ± 0.57 abcd 1.97 ± 0.08 cd 0.86 ± 0.07 a 
SOT DRY 109.75 ± 3.20 d 0.18 ± 0.01 a 6.41 ± 0.59 abcd 2.10 ± 0.09 bcd 0.83 ± 0.08 a 
MOL DRY 112.71 ± 3.15 cd 0.18 ± 0.01 a 4.75 ± 0.58 d 2.47 ± 0.09 a 0.87 ± 0.07 a 
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Table S3 Least-squared population means ± SE of physiological traits measured one month after the start of the watering treatments in the 

Quercus faginea common-garden experiment. Letters indicate homogenous groups using Tukey’s HSD tests for the well-watered (WW) and 

dry (DRY) treatments, separately.  See Table 1 for trait abbreviations. Populations are ordered according to their score on the second axis 

of the climatic PCA (PC2_clim). 

 
Population Treatment gsarea1   gsmass1   Fv/Fm1   Fv'/Fm'1   NPQ   φPSII1    
PEN WW 0.15 ± 0.01 a 113.24 ± 11.33 b 0.86 ± 0.00 a 0.66 ± 0.01 a 1.37 ± 0.10 a 0.41 ± 0.03 a 
BOS WW 0.15 ± 0.01 a 123.32 ± 11.97 ab 0.86 ± 0.00 a 0.66 ± 0.01 a 1.28 ± 0.11 a 0.43 ± 0.03 a 
VAL WW 0.14 ± 0.01 a 112.55 ± 10.99 b 0.86 ± 0.00 a 0.65 ± 0.01 a 1.31 ± 0.09 a 0.41 ± 0.03 a 
VIL WW 0.15 ± 0.01 a 118.44 ± 12.33 ab 0.86 ± 0.00 a 0.67 ± 0.01 a 1.25 ± 0.11 a 0.44 ± 0.03 a 
ALA WW 0.15 ± 0.01 a 129.46 ± 12.28 ab 0.86 ± 0.00 a 0.66 ± 0.01 a 1.32 ± 0.11 a 0.42 ± 0.03 a 
SAL WW 0.17 ± 0.01 a 152.41 ± 12.56 a 0.86 ± 0.00 a 0.68 ± 0.01 a 1.23 ± 0.12 a 0.43 ± 0.03 a 
QUI WW 0.16 ± 0.01 a 132.31 ± 13.30 ab 0.86 ± 0.00 a 0.67 ± 0.02 a 1.15 ± 0.12 a 0.43 ± 0.03 a 
VIS WW 0.14 ± 0.01 a 114.51 ± 11.07 b 0.86 ± 0.00 a 0.66 ± 0.01 a 1.31 ± 0.09 a 0.40 ± 0.03 a 
SOT WW 0.15 ± 0.01 a 131.30 ± 11.11 ab 0.86 ± 0.00 a 0.65 ± 0.01 a 1.32 ± 0.09 a 0.41 ± 0.03 a 
MOL WW 0.16 ± 0.01 a 134.47 ± 11.06 ab 0.86 ± 0.00 a 0.64 ± 0.01 a 1.41 ± 0.09 a 0.41 ± 0.03 a 
PEN DRY 0.13 ± 0.01 bc 97.95 ± 9.50 d 0.85 ± 0.01 a 0.60 ± 0.02 ab 1.99 ± 0.25 ab 0.38 ± 0.02 ab 
BOS DRY 0.12 ± 0.01 bc 96.26 ± 10.38 cd 0.85 ± 0.01 a 0.60 ± 0.02 ab 1.96 ± 0.26 ab 0.38 ± 0.02 ab 
VAL DRY 0.11 ± 0.01 c 87.55 ± 8.89 d 0.85 ± 0.01 a 0.58 ± 0.02 b 2.21 ± 0.24 a 0.39 ± 0.02 ab 
VIL DRY 0.11 ± 0.01 bc 92.13 ± 10.77 d 0.85 ± 0.01 a 0.57 ± 0.03 b 2.23 ± 0.27 a 0.36 ± 0.02 b 
ALA DRY 0.12 ± 0.01 bc 110.75 ± 10.61 abcd 0.85 ± 0.01 a 0.62 ± 0.02 ab 1.73 ± 0.25 ab 0.40 ± 0.02 ab 
SAL DRY 0.15 ± 0.01 ab 135.63 ± 10.91 abc 0.85 ± 0.01 a 0.65 ± 0.02 a 1.48 ± 0.26 b 0.43 ± 0.02 a 
QUI DRY 0.15 ± 0.01 ab 143.56 ± 11.66 ab 0.85 ± 0.01 a 0.63 ± 0.03 ab 1.65 ± 0.27 ab 0.39 ± 0.02 ab 
VIS DRY 0.12 ± 0.01 bc 109.80 ± 8.88 bcd 0.85 ± 0.01 a 0.61 ± 0.02 ab 1.90 ± 0.24 ab 0.39 ± 0.02 ab 
SOT DRY 0.14 ± 0.01 ab 131.71 ± 9.19 ab 0.85 ± 0.01 a 0.63 ± 0.02 ab 1.84 ± 0.24 ab 0.42 ± 0.02 ab 
MOL DRY 0.17 ± 0.01 a 144.30 ± 9.07 a 0.85 ± 0.01 a 0.64 ± 0.02 a 1.59 ± 0.24 b 0.41 ± 0.02 ab 
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Table S4 Least-squared population means ± SE of physiological traits measured five months after the start of the watering treatments in 

the Quercus faginea common-garden experiment. Letters indicate homogenous groups using Tukey’s HSD tests for the well-watered (WW) 

and dry (DRY) treatments, separately. See Table 1 for trait abbreviations. Populations are ordered according to their score on the second 

axis of the climatic PCA (PC2_clim). 

 
Population Treatment gsarea2   gsmass2   Fv/Fm2   Fv'/Fm'2   φPSII2   

PEN WW 0.26 ± 0.03 a 202.04 ± 28.31 a 0.84 ± 0.01 a 0.64 ± 0.02 a 0.41 ± 0.03 a 
BOS WW 0.24 ± 0.03 a 211.48 ± 25.20 a 0.85 ± 0.01 a 0.64 ± 0.01 a 0.39 ± 0.03 a 
VAL WW 0.22 ± 0.03 a 177.85 ± 25.21 a 0.84 ± 0.01 a 0.61 ± 0.01 a 0.40 ± 0.03 a 
VIL WW 0.25 ± 0.03 a 198.32 ± 26.62 a 0.85 ± 0.01 a 0.65 ± 0.02 a 0.41 ± 0.03 a 
ALA WW 0.27 ± 0.03 a 238.27 ± 30.42 a 0.85 ± 0.01 a 0.66 ± 0.02 a 0.42 ± 0.03 a 
SAL WW 0.26 ± 0.04 a 235.64 ± 36.90 a 0.84 ± 0.01 a 0.59 ± 0.02 a 0.37 ± 0.03 a 
QUI WW 0.25 ± 0.03 a 207.10 ± 31.75 a 0.85 ± 0.01 a 0.64 ± 0.02 a 0.41 ± 0.03 a 
VIS WW 0.26 ± 0.02 a 218.57 ± 24.24 a 0.85 ± 0.01 a 0.64 ± 0.01 a 0.37 ± 0.03 a 
SOT WW 0.29 ± 0.03 a 242.49 ± 28.34 a 0.85 ± 0.01 a 0.59 ± 0.01 a 0.38 ± 0.03 a 
MOL WW 0.22 ± 0.02 a 202.88 ± 22.41 a 0.84 ± 0.01 a 0.60 ± 0.01 a 0.38 ± 0.03 a 
PEN DRY 0.01 ± 0.01 b 9.29 ± 8.22 b 0.66 ± 0.03 b 0.35 ± 0.06 a 0.17 ± 0.02 b 
BOS DRY 0.02 ± 0.01 ab 14.44 ± 8.18 b 0.75 ± 0.03 ab 0.34 ± 0.06 a 0.24 ± 0.02 ab 
VAL DRY 0.02 ± 0.01 b 15.42 ± 6.98 b 0.71 ± 0.03 ab 0.35 ± 0.06 a 0.21 ± 0.02 ab 
VIL DRY 0.00 ± 0.01 b -0.21 ± 10.20 b 0.71 ± 0.04 ab 0.26 ± 0.07 a 0.23 ± 0.04 ab 
ALA DRY 0.01 ± 0.01 ab 12.69 ± 12.50 ab 0.67 ± 0.04 b 0.25 ± 0.06 a 0.22 ± 0.03 ab 
SAL DRY 0.03 ± 0.01 ab 26.93 ± 8.00 ab 0.73 ± 0.03 ab 0.35 ± 0.06 a 0.24 ± 0.03 ab 
QUI DRY 0.03 ± 0.01 ab 31.31 ± 8.35 ab 0.76 ± 0.04 ab 0.42 ± 0.07 a 0.28 ± 0.03 ab 
VIS DRY 0.02 ± 0.01 b 13.67 ± 6.63 b 0.73 ± 0.03 ab 0.35 ± 0.06 a 0.26 ± 0.02 ab 
SOT DRY 0.03 ± 0.01 ab 30.43 ± 6.37 ab 0.75 ± 0.03 ab 0.45 ± 0.06 a 0.27 ± 0.02 a 
MOL DRY 0.05 ± 0.01 a 50.34 ± 6.92 a 0.76 ± 0.03 a 0.39 ± 0.06 a 0.26 ± 0.02 ab 
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Table S5  Least-squared population means ± SE of growth and allocation traits in the Quercus faginea common-garden experiment. Letters 

indicate homogenous groups using Tukey’s HSD tests for the well-watered (WW) and dry (DRY) treatments, separately. See Table 1 for trait 

abbreviations. Populations are ordered according to their score on the second axis of the climatic PCA (PC2_clim). 

 
Population Treatment AGR   RGR   SI   Biomass   L:S   R:S   
PEN WW 2.19 ± 0.21 bc 13.79 ± 0.78 abc 0.57 ± 0.03 abc 7.75 ± 0.89 ab 1.16 ± 0.11 ab NA   
BOS WW 2.99 ± 0.23 a 15.59 ± 0.85 a 0.68 ± 0.04 a 10.52 ± 0.89 a 1.08 ± 0.12 ab NA  
VAL WW 1.73 ± 0.20 cd 11.75 ± 0.74 bcd 0.51 ± 0.03 c 3.93 ± 0.94 cd 0.99 ± 0.12 ab NA  
VIL WW 2.03 ± 0.23 bc 13.04 ± 0.88 abc 0.59 ± 0.04 abc 5.35 ± 0.91 bcd 1.31 ± 0.12 ab NA  
ALA WW 2.55 ± 0.23 ab 14.30 ± 0.87 ab 0.67 ± 0.04 ab 6.51 ± 1.10 abc 1.08 ± 0.15 ab NA  
SAL WW 1.84 ± 0.24 bcd 12.69 ± 0.92 abcd 0.56 ± 0.04 abc 4.87 ± 0.91 bcd 1.19 ± 0.12 ab NA  
QUI WW 1.38 ± 0.26 cd 10.47 ± 0.98 cd 0.52 ± 0.04 abc 2.95 ± 1.05 cd 0.89 ± 0.14 b NA  
VIS WW 1.69 ± 0.20 cd 11.49 ± 0.76 bcd 0.53 ± 0.03 bc 4.21 ± 0.96 bcd 1.49 ± 0.12 a NA  
SOT WW 1.64 ± 0.21 cd 11.56 ± 0.76 bcd 0.55 ± 0.03 abc 3.66 ± 0.85 cd 1.28 ± 0.11 ab NA  
MOL WW 1.21 ± 0.20 d 9.69 ± 0.74 d 0.47 ± 0.03 c 2.25 ± 0.81 d 1.12 ± 0.10 ab NA   
PEN DRY 0.46 ± 0.05 abc 5.06 ± 0.50 ab 0.31 ± 0.02 abc 1.77 ± 0.23 abc 2.31 ± 0.18 a 1.39 ± 0.26 b 
BOS DRY 0.58 ± 0.06 a 6.42 ± 0.55 a 0.37 ± 0.02 a 2.02 ± 0.25 a 2.08 ± 0.20 ab 1.28 ± 0.27 b 
VAL DRY 0.48 ± 0.05 ab 5.20 ± 0.45 ab 0.33 ± 0.02 ab 1.47 ± 0.21 abc 1.51 ± 0.16 b 1.62 ± 0.24 ab 
VIL DRY 0.36 ± 0.06 abcd 4.48 ± 0.57 abc 0.30 ± 0.02 abc 1.50 ± 0.26 abc 1.76 ± 0.22 ab 1.16 ± 0.30 b 
ALA DRY 0.51 ± 0.06 ab 5.94 ± 0.57 a 0.34 ± 0.02 ab 1.63 ± 0.26 abc 1.99 ± 0.21 ab 1.36 ± 0.30 ab 
SAL DRY 0.50 ± 0.06 abc 5.99 ± 0.60 a 0.34 ± 0.02 ab 1.99 ± 0.25 ab 1.93 ± 0.21 ab 1.82 ± 0.26 ab 
QUI DRY 0.28 ± 0.07 bcd 4.01 ± 0.65 abc 0.27 ± 0.02 bc 1.16 ± 0.26 bc 1.47 ± 0.22 ab 1.84 ± 0.29 ab 
VIS DRY 0.26 ± 0.05 cd 3.58 ± 0.47 bc 0.27 ± 0.02 bc 1.41 ± 0.21 abc 1.79 ± 0.16 ab 2.06 ± 0.23 a 
SOT DRY 0.39 ± 0.05 abcd 4.94 ± 0.49 ab 0.31 ± 0.02 abc 1.52 ± 0.22 abc 1.78 ± 0.16 ab 1.85 ± 0.24 ab 
MOL DRY 0.20 ± 0.05 d 2.80 ± 0.48 c 0.24 ± 0.02 c 1.18 ± 0.22 c 1.52 ± 0.16 b 1.78 ± 0.25 ab 
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Table S6 List of all provenance climatic variables considered and their loadings on the first two axes 

(PC1_clim and PC2_clim) of the principal component analysis of the studied Quercus faginea 

population averages for the reference period 1970-2000 (WorldClim; Fick & Hijmans 2017). 

Absolute loadings greater than 0.25 are typed in bold. 

 

Provenance climatic variable Code PC1_clim PC2_clim 

Annual Mean Temperature bio1 -0.274 -0.142 

Mean Diurnal Range bio2 -0.177 0.191 

Isothermality bio3 -0.087 -0.204 

Temperature Seasonality bio4 -0.085 0.314 

Max Temperature of Warmest Month bio5 -0.294 0.066 

Min Temperature of Coldest Month bio6 -0.184 -0.260 

Temperature Annual Range bio7 -0.145 0.271 

Mean Temperature of Wettest Quarter bio8 -0.061 0.074 

Mean Temperature of Driest Quarter bio9 -0.302 0.001 

Mean Temperature of Warmest Quarter bio10 -0.302 -0.010 

Mean Temperature of Coldest Quarter bio11 -0.216 -0.233 

Annual Precipitation bio12 0.045 -0.326 

Precipitation of Wettest Month bio13 -0.063 -0.326 

Precipitation of Driest Month bio14 0.306 -0.006 

Precipitation Seasonality bio15 -0.276 -0.139 

Precipitation of Wettest Quarter bio16 -0.076 -0.328 

Precipitation of Driest Quarter bio17 0.302 -0.031 

Precipitation of Warmest Quarter bio18 0.299 -0.027 

Precipitation of Coldest Quarter bio19 -0.100 -0.313 

Annual soil water content SWC 0.139 -0.292 

Annual Index of moisture ImAnnual 0.175 -0.248 

Index of moisture in July ImJuly 0.288 -0.108 
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Table S7 Pearson correlation coefficients between provenance average climatic values and 

trait population means measured under the well-watered and dry treatments of a Quercus 

faginea common-garden experiment. Significant values marked in light grey (P < 0.05), grey 

(P < 0.01), dark grey (P < 0.001) and bordered (FDR = 0.05 multiple test) cells. Climatic 

variables were annual mean temperature (AMT), maximum temperature of the warmest 

month (Tmax), minimum temperature of the coldest month (Tmin), temperature range 

(Trange), annual precipitation (AP) and precipitation of the driest quarter (Pdry). See Table 

1 for trait definitions. 

 
 

  Well watered  Dry 
  MAT Tmax Tmin Trange AP Pdry  MAT Tmax Tmin Trange AP Pdry 

Leaf traits                          

 SLA 0,35 -0,20 0,64 -0,71 0,86 0,19  0,37 -0,27 0,70 -0,82 0,88 0,23 

 LT -0,45 0,04 -0,73 0,62 -0,94 -0,01  -0,38 0,16 -0,68 0,69 -0,94 -0,22 

 LLA 0,27 -0,03 0,54 -0,46 0,57 -0,11  0,45 0,27 0,59 -0,20 0,69 -0,23 
 P:A -0,42 -0,12 -0,65 0,40 -0,61 0,23  -0,59 -0,33 -0,72 0,25 -0,67 0,29 

Physiological traits            

 gsarea1 -0,22 -0,05 -0,27 0,16 -0,42 -0,14  -0,35 0,02 -0,55 0,46 -0,69 -0,16 

 gsmass1 -0,26 0,09 -0,43 0,43 -0,71 -0,26  -0,41 0,07 -0,67 0,60 -0,81 -0,16 

 Fv'/Fm'1 0,10 0,05 0,12 -0,04 -0,12 -0,01  -0,21 0,33 -0,51 0,73 -0,76 -0,41 

 φPSII1  0,06 -0,06 0,05 -0,10 -0,25 0,00  -0,32 0,12 -0,47 0,49 -0,59 -0,25 
 NPQ1 0,14 0,03 0,14 -0,08 0,23 -0,09  0,14 -0,34 0,42 -0,67 0,69 0,44 

 gsarea2 0,46 0,63 0,27 0,41 -0,32 -0,61  -0,54 -0,19 -0,67 0,34 -0,57 0,02 

 FvFm2 0,27 0,23 0,22 0,05 -0,05 -0,08  -0,45 -0,22 -0,55 0,22 -0,68 0,04 

 Fv'Fm'2 0,65 0,45 0,56 0,00 0,42 -0,22  -0,41 -0,21 -0,41 0,11 -0,39 0,02 

 φPSII2 0,19 -0,03 0,27 -0,24 0,53 0,18  -0,34 0,12 -0,61 0,60 -0,85 -0,14 

Growth traits and allocation            

 AGR 0,80 0,43 0,86 -0,26 0,48 -0,52  0,44 0,11 0,65 -0,40 0,53 -0,27 

 RGR 0,80 0,40 0,89 -0,31 0,50 -0,49  0,44 0,20 0,59 -0,27 0,37 -0,35 

 SI 0,79 0,54 0,75 -0,06 0,30 -0,58  0,45 0,18 0,61 -0,30 0,38 -0,34 

 Biomass 0,84 0,37 0,94 -0,38 0,53 -0,53  0,60 0,29 0,72 -0,29 0,28 -0,51 

 L:S 0,32 0,40 0,14 0,28 -0,30 -0,28  0,88 0,55 0,90 -0,17 0,38 -0,66 

  R:S NA NA NA NA NA NA   -0,46 0,08 -0,65 0,60 -0,61 -0,05 
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Abstract 

Assessing adaptive genetic variation and its spatial distribution is crucial if we aim to conserve 

forest genetic resources and promote species adaptive potential under current climate change. 

Macro-environmental gradients commonly exert divergent selective pressures that might lead 

to adaptive genetic divergence among populations. Steep micro-environmental variation might 

also produce adaptive divergence at finer spatial scales in presence of high gene flow although 

to what extent this is a common pattern is not so clear. In this study, we used a multi-site 

common-garden experiment to assess genetic variation in early fitness traits among distant and 

nearby Maritime pine (Pinus pinaster Ait.) populations, to investigate climatic factors associated 

with observed trait divergence, and to examine trait-trait correlations during seedling 

establishment in this species. Open pollinated seeds were collected from seven population pairs 

across the European species distribution, with paired populations spatially close (between <1km 

up to 21km) but environmentally divergent. Seeds were sown in semi-natural conditions at three 

environmentally contrasting sites, where we monitored seedling emergence, growth and 

survival. Results showed that the studied P. pinaster populations significantly differed in all 

considered traits and in their levels of plasticity. We identified mean annual temperature and 

precipitation seasonality as potential climatic drivers of P. pinaster population divergence in the 

studied early fitness traits. Significant trait divergence was also detected among nearby 

populations, potentially suggesting that divergent natural selection can override gene flow in 

the studied fine-scale ecological gradients. Finally, we found consistent trait correlations across 

sites, namely that heavier seeds and early seedling emergence were positively correlated with 

seedling survival rates and fitness over two years in all experimental conditions. High levels of 

genetic variation in early fitness traits and in their phenotypic plasticity, coupled with successful 

seedling establishment across contrasting experimental sites, suggest high adaptive potential 

and regeneration capacity in this species. 

Introduction 

The Mediterranean basin is one of the most vulnerable regions to climate change (IPCC, 2014). 

Temperature rise and annual rainfall reduction, particularly during summer months, are already 

increasing aridification in this region (Vicente-Serrano et al., 2014). Climate projections indicate 

that this trend will be exacerbated in the next decades (Giorgi & Lionello, 2008; Somot et al., 

2008), with droughts of increasing intensity, frequency and duration (Sheffield & Wood, 2008; 

Polade et al., 2014). Even though species inhabiting Mediterranean areas possess traits that 

allow them to cope with water stress (see Larcher, 2000; Nardini et al., 2014; Moran et al., 2017 
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and references therein), large diebacks have been documented in the region as a result of 

extreme drought events (Carnicer et al., 2011), which may impact long-term population 

persistence and alter species distributions (EEA, 2017; Sánchez-Salguero et al., 2018).  

Challenges posed by climate change are demanding profound changes in forest management. 

For instance, while in past decades many breeding programs have focused on enhancing 

productivity and wood quality in economically important tree species, nowadays additional 

properties such as resilience and provision of ecosystem services have come to the forefront 

(Gauquelin et al., 2018; Nocentini et al., 2022). A deeper knowledge on tree genetic variation in 

ecologically important traits and its interaction with environmental factors is thus becoming of 

primary importance for adaptive forest management, as well as for the conservation of forest 

genetic resources potentially valuable in current and future environments (Aitken et al., 2008; 

Lefèvre et al., 2013). Differential selective pressures across species distribution ranges can lead 

to the evolutionary divergence of populations (Lynch & Walsh, 1998; White et al., 2007), and 

climate itself has been identified as one of the main drivers of adaptive population genetic 

variation in forest tree species (see Alberto et al., 2013 and references therein). Predictions on 

the impacts of future climatic conditions on forest tree populations and species may therefore 

benefit from a better understanding of how the historical climate has shaped present-day 

standing genetic variation (Chevin et al., 2010; Moran et al., 2017). For this purpose, in addition 

to investigating macro-climatic determinants of adaptive population genetic differentiation, it is 

important to consider smaller spatial scales of analyses, because micro-geographic adaptation 

along steep local environmental gradients under gene flow might be more prevalent than 

commonly thought and it remains understudied (Richardson et al., 2014).  

Common garden and reciprocal transplant experiments have been widely used to assess climatic 

adaptations and the potential responses to climate change in forest tree species (e.g. Ramírez-

Valiente et al., 2010; Wilczek et al., 2014; Vizcaíno-Palomar et al., 2016; Sáenz-Romero et al., 

2017, 2019; Gárate-Escamilla et al., 2019; Cooper et al., 2019; Fréjaville et al., 2020; Patsiou et 

al., 2020). These experiments are necessary for disentangling genetic and environmental factors 

determining observed phenotypic variation, and thereby understanding the relative roles of 

adaptive evolution and phenotypic plasticity in species responses to environmental variation 

(White et al., 2007; Li et al., 2017). Common garden experiments also allow exploring genetic 

and environmental effects on trait covariation and life history strategies (Sgrò & Hoffmann, 

2004). In particular, when replicated over multiple sites, common gardens experiments may 

provide insights into the environmental factors that affect trait integration and trade-offs, which 
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are key to forecast the evolutionary potential of populations and species under variable 

environmental conditions (Matesanz et al., 2021). 

The incorporation of data on genetic and environmental factors (and their interaction) of tree 

phenotypic variation obtained from common garden experiments into species distribution 

models has been shown to substantially modify their predictions under climate change scenarios 

(Valladares et al., 2014; Benito Garzón et al., 2019; Liepe et al., 2022). However, much of the 

available information on intraspecific genetic variation is based on adult tree traits (Gibson et 

al., 2016; Benito Garzón et al., 2019), thus overlooking intraspecific variation in potentially 

critical early life stages. The transition from seeds to established seedlings is a critical period in 

a plant’s life, subjected to strong selective pressures (Verdú & Traveset, 2005; Petit & Hampe, 

2006). In fact, less than 10% of viable seeds usually reach the seedling stage and survive the first 

year in natural conditions, or even less than 1% in harsh environments (e.g. Castro et al., 2005; 

Vizcaíno-Palomar et al., 2014). Seedling emergence success and its timing may strongly 

determine survival rates at later ages (Baskin & Baskin, 1998; Donohue et al., 2010) and overall 

recruitment success (Manso et al., 2013a,b). Moreover, because seed-to-seedling stages are 

highly sensitive to environmental cues, the regeneration niche of a species is often narrower 

than the adult survival niche (Baskin & Baskin, 1998; Walck et al., 2011; Solé-Medina et al., 

2020), and it may exhibit genetic differences among conspecific populations evolved under 

different environments (Baskin & Baskin, 1998; Correia et al., 2014). Conducting common-

garden experiments to assess intraspecific variation in seedling emergence and survival during 

early life stages represents thus a necessary addition to build more comprehensive predictions 

of forest tree species adaptation to future climates (Climent et al., 2021).  

In this study, we used a multi-site common-garden experiment to assess genetic variation in 

early fitness traits across Maritime pine (Pinus pinaster Ait.) populations at large and small 

spatial scales, to infer potential climatic factors associated with observed trait divergence, and 

to identify trait associations during seedling establishment in this species. Maritime pine is highly 

appreciated for wood production, resin extraction, stabilizing soils and dunes and, as a keystone 

species, for supporting biodiversity (Abad Viñas et al., 2015). It is distributed in the Western 

Mediterranean Basin, from sea level up to 1800 m.a.s.l., occupying a broad range of 

environments including oceanic, Mediterranean and semi-arid climates and a high variety of 

soils (Barbero et al., 1998). Species distribution models based on adult tree traits predict a 

reduction of the species range in the future as a result of more adverse climatic conditions (Serra 

Varela, 2017), and evidence of regeneration failure has already been recorded in Spain and the 
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French coast (Ribeiro et al., 2022). Although the species regeneration capacity has been the 

focus of several studies (Juez et al., 2014; Fernandes et al., 2017; Moreno-Fernández et al., 

2018), especially in relation to disturbances and fire (Fernandes & Rigolot, 2007; Vega et al., 

2009, 2010; Maia et al., 2012; Sagra et al., 2018, 2019), there are comparatively few studies on 

trait population divergence in seed-to-seedling stages in natural or semi-natural conditions 

(Correia et al., 2014; Vizcaíno-Palomar et al., 2014). Studies on this species have revealed 

substantial population genetic variation, phenotypic plasticity and genotype-by-environment 

interaction (i.e. differences in phenotypic plasticity among populations) (Alía et al., 1995, 1997; 

Alía & Moro, 1996; González-Martínez et al., 2002; Correia et al., 2010; Ramírez-Valiente et al., 

2021a and references therein). While some authors have reported significant associations 

between population trait divergence and differences in abiotic factors such as precipitation, 

temperature or altitude (Alía et al 1997, Correia et al., 2008, Sánchez-Salguero et al 2018), others 

have found non-significant or weak correlations (Correia et al., 2010; Gaspar et al., 2013; 

Vizcaíno-Palomar et al., 2016). All these characteristics make P. pinaster an interesting study 

system to investigate potential early fitness trait divergence associated with climatic variation. 

However, despite evidence on range-wide genetic divergence for this wind-pollinated and wind-

dispersed species, the spatial scale below which gene exchange may override divergent natural 

selection precluding population divergence is unclear. In a recent study based on molecular 

markers, Archambeau et al. (2021) suggested that mountain chains represent a barrier to gene 

flow in the species, allowing higher differentiation over smaller scales in mountainous regions, 

whereas gene flow is less restricted across flat areas of the species distribution (such as the 

Spanish Central Plateaus and the French Landes), hampering adaptive divergence over 

comparably small scales.  

We addressed the following questions: (i) What is the extent of intraspecific genetic variation in 

early fitness traits among P. pinaster populations and does it correlate with provenance climate? 

(ii) Is there genetic variation in early fitness traits among nearby but ecologically contrasting 

populations? (iii) Are there differences among climatically contrasting sites? (iv) Does the 

growing environment alter patterns of population genetic differentiation (i.e. is there genotype-

by-environment interaction)? (v) Do different early fitness traits covary across populations? Is 

there any effect of the growing environment in patterns of trait covariation? 
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Materials and methods 

Populations and common garden experiments  

In 2016, within the EU GenTree project, we collected seeds from fourteen natural populations 

of Pinus pinaster across the European distribution of the species to establish a network of three 

common garden experiments (Fig. 1). The sampling design was intended to test for trait genetic 

divergence among populations along both macro- and micro-environmental gradients. First, 

selected populations spanned most of the climatic range and the genetically distinct groups 

reported for the species (Jaramillo-Correa et al., 2015; Serra-Varela et al., 2015). Second, the 

design included seven pairs of populations, with paired populations being spatially close (from 

<1 to 21 km) but ecologically differentiated in elevation, climate and/or soil water availability 

(Fig. 1, Table 1). Within each population, we sampled cones from 13-25 dominant or co-

dominant trees separated by at least 30 m to reduce relatedness among maternal families. We 

extracted seeds from cones in the lab, removed the wings, and discarded empty and 

undeveloped seeds via water flotation. Viable seeds from each mother tree were stored 

separately in dry conditions at 4C until sowing. 

 

Figure 1. Location of sampled Pinus pinaster populations (black and grey symbols) and the sites of the common garden 

trials (orange stars). Paired (nearby) populations are represented by the same symbol identified by black or grey 

colour. The green area indicates the species distribution range (EUFORGEN, 2009). 

We installed common garden experiments in three climatically contrasting sites within the 

distribution range of the species: one in central Spain (Madrid), one in southwestern France 

**
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(Bordeaux) and one in central Italy (Arezzo) (Fig.1, Table 1). The three trials followed the same 

latinized row-column design with 7 columns and 42 rows organized in 3 complete blocks. The 

experimental unit consisted of 16 seeds individually sown in adjacent 30 cm2 octagonal cells of 

plastic grids opened in the bottom and lateral walls (Guttagarden®, Gutta, Italy). In three 

populations (ES5, FR9 and IT20), family structure was maintained in the design, with one 

experimental unit per maternal family per population within each block. For each of the eleven 

remaining populations, we randomly sampled 144 seeds from a lot formed by pooling an equal 

number of seeds from every maternal family, which were then sown in three experimental units 

per block. In total, 4714 seeds were sown in each common garden. The common gardens were 

installed in open areas with flat topography and full sun exposure, where about 5 cm of soil were 

removed to place the grids that were later filled with sieved local soil. 

Table 1. Geographical coordinates and main climatic features of the fourteen Pinus pinaster populations and three 

common-garden sites under study. The main ecological differences of paired populations are shown. AMT, annual 

mean temperature. AP, annual precipitation. 

Populations 
and sites 

Latitude 
(N) 

Longitude 
(E) 

Altitude 
(m a.s.l.) AMT (C) AP (mm) 

Paired populations 

ES1 36.827 -3.941 434 15.98 512 
Altitude 

Low 

ES2 36.835 -3.924 721 14.96 545 High 
ES3 40.245 -5.122 1074 11.82 1025 

Altitude 
High 

ES4 40.189 -5.108 650 14.85 1066 Low 
ES5 41.336 -4.246 825 12.71 497 Water 

availability 
Dry 

ES6 41.341 -4.235 818 12.70 490 Wet 
ES7 39.917 -0.394 724 13.55 527 Water 

availability 
Dry 

ES8 39.912 -0.389 725 13.40 556 Wet 
FR9 44.968 -1.164 40 13.82 890 Water 

availability 
Dry 

FR10 44.780 -1.230 5 14.08 920 Wet 
FR13 41.756 9.212 924 10.98 1031 

Altitude 
High 

FR14 41.816 9.258 425 13.55 720 Low 
IT19 44.418 8.671 393 13.09 964 

Climate 
Coastal 

IT20 44.551 8.645 443 12.55 953 Interior 

Spain 40.457 -3.752 645 15.3 426     
France 44.786 -0.577 15 14.9 922   

Italy 43.481 11.879 268 14.6 1035     

Before sowing, we measured individual seed mass for seeds from the three populations with 

family structure (ES5, FR9 and IT20). In addition, we measured mean population seed mass for 

the remaining populations by weighing 50 randomly sampled seeds together. Seeds were sown 

in spring 2018 in Spain and France and in spring 2019 in Italy. All experimental sites were 

watered for one month to allow some emergence and avoid very small sample sizes, which 
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would have precluded further analyses (see Solé-Medina et al., 2020, Vizcaíno-Palomar et al. 

2014). All experimental sites were weeded regularly to reduce vegetative competition and were 

fenced to prevent predation by animals. Climatic measurements for the experimental sites 

during the study period were obtained from weather stations established in situ, complemented 

with weather stations from national meteorological services. 

Measured traits 

The experiment lasted two years from seed sowing. We monitored emergence, epicotyl 

elongation, dwarf shoot development and survival every 2 or 3 days from sowing until the first 

winter, when seedlings stopped growing. From the first winter to the end of the experiment, we 

kept monitoring the same traits every 7 to 15 days. Height was measured on all alive seedlings 

in winter of the two studied years, defined as the stem length above the cotyledons to account 

for differences in seed sowing depth. Based on these measurements, we estimated the 

phenotypic and fitness variables described in Table 2. We considered two different reference 

periods for the analysis of emergence: the whole duration of the experiment and the first 100 

days after sowing. Nearly 90% of overall emergence occurred during the first 100 days of the 

experiment, virtually stopping thereafter for two months, until small peaks of late emergence 

occurred at the end of the first growing season and even during the second year in one site (see 

Fig. 2). The two defined reference periods allowed clearer quantification of the fate of early-

emerging seedlings (i.e. the great majority) during the first growing season (spring-early 

summer) and of all seedlings, including those with late emergence in the subsequent favourable 

periods (late-summer-autumn and second-year spring). 

Statistical analysis 

We tested for differences in binomial variables (emergence, survival, fitness and dwarf shoot 

rate) among populations and sites, and their interaction, using binomial mixed models with logit 

link functions (R package glmmTMB; Brooks et al., 2017). We considered population, site and 

their interaction as fixed-effect factors, and family nested within population, row, column and 

block nested within site as random-effect factors. We implemented linear mixed models for the 

rest of the variables (emergence time, developmental time, growth and height), using the same 

factor structure described above. We considered the inverse of population sample sizes as 

sampling weights in the models to account for the overrepresentation of populations with family 

structure (Hahs-Vaughn, 2006). We also conducted Cox proportional hazard mixed-effect 

models (Cox, 1972) to explore temporal patterns of seedling emergence and mortality, based 
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on the same model structure (R package coxme; Therneau, 2020). When significant genetic 

differences among populations were found in the mixed-effect models for a given trait (i.e. when 

the population or the population-by-site factors were significant), we fitted new models within 

sites to obtain population means.  

We explored the associations between trait genetic divergence and climatic variation among 

populations as follows. First, for each population, we extracted 19 bioclimatic variables for the 

reference period 1970-2000 from CHELSA (Karger et al., 2020) and implemented a principal 

component analysis (PCA). All bioclimatic variables were centred and scaled before performing 

the PCA. Second, we selected six climatic variables to conduct univariate analyses based both 

on their ecological importance for seed germination and early fitness traits in Mediterranean 

species (Céspedes et al., 2012; Barrio-Anta et al., 2020; Solé-Medina et al., 2022) and on their 

maximum spread across the loading plot of the first two PC axes (Supplementary S1). The six 

bioclimatic variables were: annual mean temperature, maximum temperature of warmest 

month, minimum temperature of coldest month, annual precipitation, precipitation of driest 

quarter and precipitation seasonality. We performed Pearson correlations among population 

trait means, climatic PC factors and individual climatic variables. 

We examined the significance of pairwise differences among populations in trait means running 

post-hoc Tukey tests (R package multcomp, Hothorn et al., 2008), and compared the  proportion 

of significant pairwise differences among paired (nearby) populations versus non-paired 

(distant) populations. Finally, we explored trait-trait associations within sites using Pearson 

correlations and network graphs (R package igraph, Csardi & Nepusz, 2006).  
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Table 2. Studied Pinus pinaster early phenotypic and fitness traits in the common garden experiment. 

Abbreviation Measured trait Description 

Emergence  Emergence rate  number of emerged seedlings/ number of seeds sown (binomial) 

Emergence100 Emergence rate in the first 100 days after sowing number of emerged seedlings in the first 100 days/ number of seeds sown (binomial) 

Emerg. time Emergence time  time from sowing to emergence (days) 

Emerg. time100 Emergence time in the first 100 days after sowing time from sowing to emergence for seedlings that emerged in the first 100 days (days)  

Survival1 Survival at the end of the first growing season (for the 
seedlings emerged in spring-early summer of the first 
growing season)  

number of seedlings alive at the end of the first growing season/number of seedlings that emerged in 
the first 100 days (binomial) 

Survival2 Survival at the end of the second growing season  number of seedlings alive at the end of the second season/number of seedlings alive at the end of the 
first season (binomial) 

Fitness1 Fitness at the end of the first growing season (for the 
seedlings emerged in spring-early summer of the first 
growing season) 

number of seedlings alive at the end of the first growing season that emerged in the first 100 days 
/number of seeds sown (binomial) 

Fitness2 Fitness at the end of the second growing season  number of seedlings alive at the end of the second growing season/number of seeds sown*  (binomial) 

Height1 Height at the end of the first growing season epicotyledonar height of alive seedling at the end of the first growing season (cm) 

Height2 Height at the end of the second growing season epicotyledonar height of alive seedling at the end of the second growing season (cm) 

Growth Height growth Height2 - Height1 (cm) 

Develop. Time Developmental time  time from emergence to epicotyl elongation (days) 

Dwarf shoot Dwarf shoot rate  number of seedlings that developed dwarf shoots/ number of seedlings that were alive when the first 
dwarf shoot appeared in the garden (binomial) 

*note that Fitness2 can be higher than Fitness1, as it includes seedlings with delayed emergence (more than 100 days after sowing) 
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Results 

Trait variation among experimental sites  

Mixed models showed significant phenotypic plasticity (i.e. a significant site factor) for all 

seedling traits considered except second-year survival, as well as significant among-population 

genetic variation in phenotypic plasticity (i.e. significant site x population factor) for all study 

traits except first-year survival (Table 3). Most seedling emergence (89.2%) occurred within the 

first 100 days after sowing in all three sites, but there was a second emergence peak at the end 

of summer and the beginning of autumn (between 161 and 267 days after sowing), as well as a 

third peak in spring of the second year, especially in France (Fig. 2). Emergence occurring after 

the first spring accounted for around 2% of total emergence in the Spanish and Italian sites, 

versus 14% in the French site. The emergence rate was higher at the Spanish site during the first 

spring, but the one at the French site became the largest when considering the entire 

experimental period due to higher delayed emergence (Fig. 2). 

Table 3. Results of the mixed models for P. pinaster early phenotypic and fitness traits. χ2 and P-values are shown 
for fixed effect-factors: Site (df=2), Population (df=13) and Site × Population (df=26). Statistically significant results 
are shown in bold. See Table 2 for trait descriptions. 

 Site Population Site × Population 

  χ2 P χ2 P χ2 P 
Emergence 16.54 <0.001 86.93 <0.001 147.28 <0.001 
Emergence100 18.58 <0.001 123.78 <0.001 193.13 <0.001 
Emerg. time 35.17 <0.001 11.3 0.586 853.61 <0.001 
Emerg. time100 886.13 <0.001 41.17 <0.001 223.91 <0.001 
Survival1 19.27 <0.001 43.98 <0.001 29.76 0.278 
Survival2 1.82 0.403 25.43 0.020 48.98 0.004 
Fitness1 23.35 <0.001 51.46 <0.001 75.93 <0.001 
Fitness2 15.53 <0.001 51.95 <0.001 57.21 <0.001 
Height1 689.49 <0.001 59.58 <0.001 220.48 <0.001 
Height2 996.97 <0.001 81.39 <0.001 322.69 <0.001 
Growth 668.27 <0.001 52.25 <0.001 220.02 <0.001 
Develop. Time 51.88 <0.001 4.28 0.988 360.00 <0.001 
Dwarf shoot 6.84 0.033 32.51 0.002 70.20 <0.001 

 

There were strong differences in survival among sites (Table 3, Fig. 2). Survival at the end of the 

first growing season was by far the lowest in Spain, with only 12% of the emerged seedlings alive 

compared to 40% and 53% in France and Italy, respectively (Fig. 2). The highest mortality rate 

over the study period ocurred at the beginning of the first growing season, with three quarters 

of the recorded deads ocurring within the first 127 days after sowing (Fig 2). No significant 

differences in survival in the second growing season were found among sites, which was 75% on 
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average (Table 3). Overall, fitness, which considered the proportion of seedlings alive relative to 

the number of seeds sown, was significantly different among sites at the end of both the first 

and second growing seasons (Table 3).  

There were also significant differences among sites in height at the end of the first growing 

season (4.3 ± 0.4 mean ± SE, 2.1 ± 0.4 and 0.8 ± 0.4 cm for Italian, Spanish and French sites, 

respectively). At the end of the second growing season seedlings were significantly higher (25.4 

± 0.8 cm) in the Italian site, while observed differences between the Spanish and French sites 

were not significant (10.1 ± 0.9 and 9.0 ± 0.8 cm, respectively).         

Figure 2. Kaplan-Meier curves for cumulative emergence and survival probability of emerged seedlings in the  Spanish, 

French and Italian garden (red, green and blue lines, respectively). Time represents days since sowing. Dashed vertical 

lines indicate the first 100 days after sowing (left pannel) or the end of the first and second year of the experiment 

(right pannel). Shaded areas represent 95% confidence intervals.  

 

                           

Trait variation among populations and its association with macro- and micro-environmental 

provenance variation 

There was strong genetic variation among populations in most phenotypic and fitness traits (i.e. 

significant population effect; Table 3), which was significantly associated with climatic variation 

among populations. The PCA of population climatic variables grouped them into two main axes 

of variation that explained 45.3% and 24.6% of the variance, respectively (Supplementary Fig. 

S1). PC1 was positively associated (positive loadings) with bio17 and bio18 (precipitation of 

warmest and driest quarter, respectively) and negatively associated with bio2 (mean diurnal 

temperature range) and bio5 (maximum temperature of warmest month), among other 

variables. Thus, higher values of PC1 indicated climates with a less severe dry season (wetter 

and less warm summers). PC2 was positively associated (positive loadings) with bio8 and bio11 
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(temperature of wettest and coldest quarter, respectively) and negatively associated with bio16 

and bio19 (precipitation of wettest and coldest quarter, respectively), among other variables. 

Thus, higher values of PC2 represented milder and drier winters. 

Pearson correlations between population scores along PC axes and population trait means 

showed scarce significant associations. PC1 scores showed negative correlations with 

emergence rate in the French site (r = -0.58, P = 0.026) and with seed mass (r = -0.69, P = 0.006), 

indicating that populations from climates with more severe droughts produced heavier seeds 

and, under Atlantic conditions, emerged more. Besides, in the Spanish site, we found a positive 

correlation between PC2 scores and height at the end of the second growing season (r = 0.58, P 

= 0.030), indicating that populations from climates with milder and drier winters grew more.  

Contrastingly, significant Pearson correlation coefficients between population trait means and 

individual provenance climatic variables were abundant, especially with mean annual 

temperature and precipitation seasonality. On average, seedlings from provenances with higher 

mean annual temperature and higher precipitation seasonality had higher emergence rate, 

shorter emergence time, survived more at the end of the first growing season, showed higher 

fitness and grew more throughout the entire experiment (Fig. 3). Besides, we found significant 

and marginally non-significant positive associations between seed mass and precipitation 

seasonality and annual temperature, respectively (Fig. 3).  

Table 4. Proportion of significant pairwise differences in phenotypic and fitness traits among paired (nearby) 

populations versus non-paired (distant) populations, obtained from Tukey tests conducted within sites. NA: analysis 

not available due to the lack of significant differences among populations for Survival2 in the Italian site. 

  Nearby population pairs   Distant population  

 Trait/Site Spain France Italy   Spain France Italy 
Emergence 28.6 14.3 0  19 31 15.5 
Emergence100 42.9 14.3 0  33.3 58.3 31.0 
Emergence time 42.9 28.6 28.6  53.6 82.1 61.9 
Emergence time100 42.9 14.3 42.9  65.5 60.7 79.8 
Survival1 0 0 0  6.0 7.1 10.7 
Survival2 0 14.3 NA  1.2 23.8 NA 
Fitness1 0 14.3 14.3  9.5 40.5 33.3 
Fitness2 0 14.3 14.3  7.1 33.3 23.8 
Height1 0 14.3 28.6  20.2 7.1 51.2 
Height2 0 28.6 14.3  17.9 33.3 57.1 
Growth 0 28.6 14.3  14.3 9.5 52.4 
Develop. Time 28.6 0 28.6  19.0 2.4 35.7 
Dwarf shoot 0 0 0   3.6 27.4 1.2 
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Figure 3. Correlations between selected provenance climatic variables and seedling phenotypic traits in the Spanish, 

French and Italian sites (red, green, blue). Correlation coefficients (r) are shown, and P values are represented by            

· P < 0.07, * P < 0.05, ** P < 0.01, *** P < 0.001. Shaded areas represent 95% confidence intervals. 
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Despite their geographical proximity, populations also exhibited significant trait divergence 

within nearby pairs (Table 4). In particular, post-hoc Tukey tests revealed that all traits except 

for first-year survival and dwarf shoot rate exhibited significant divergence within at least one 

population pair in at least one experimental site (Table 4). Trait differences between populations 

within pairs were highly pair-, site- and trait-dependent (Supplementary Table S2), but there 

were some remarkable patterns. First, populations within pairs tended to be more differentiated 

in emergence rate and time and in developmental time at the Spanish site (Table 4). Second, in 

pairs where populations differed in soil water availability (ES5-ES6, ES7-ES8, FR9-FR10), the drier 

population of the pair (ES5, ES7, FR9) showed earlier emergence (Fig. 4), higher emergence and 

shorter developmental time (data not shown). This held true even for populations separated 

only a hundred meters (ES5-ES6 and ES7-ES8) (Fig. 4). And third, in pairs where populations 

differed in elevation, (ES3-ES4 and FR13-FR14), the higher population emerged later and 

exhibited lower growth (Fig. 4).  

Figure 4. Results of pairwise Tukey tests for emergence time at each experimental site, comparing only paired 

(nearby) populations. Striped and non-striped bars are employed to facilitate visualization of consecutive population 

pairs. Significant differences among populations within pairs are indicated with asterisks (· P < 0.07, * P < 0.05, ** P < 

0.01, *** P <0.001). 

 

Trait-trait correlations within sites  

There were numerous significant trait-trait correlations, many of which remained consistent 

across sites, particularly, those relating seed mass with survival and fitness (Fig. 5). These results 

showed that populations with heavier seeds had higher first-year survival as well as higher first- 

and second-year fitness in all sites. Heavier seeds also had higher emergence rates in the French 

*** 

*** 

*** 
*** 

*** 

*** 

*** 
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and Italian sites, and produced faster-growing seedlings in Spain and Italy (Fig. 5). Populations 

that emerged earlier showed higher first-year survival and fitness in all sites, and faster growth 

in the Italian and Spanish sites (Fig. 5). Fitness at the end of the first growing season was highly 

and positively correlated with first-year survival in all sites, and with emergence rate in the 

French and Italian sites (r = 0.94, P < 0.001 and r = 0.96, P < 0.001, respectively). Finally, there 

were strong associations between height and the proportion of dwarf shoots developed, survival 

and fitness in Italy and Spain. On average, populations that grew more, had a higher proportion 

of plants developing dwarf shoots and higher survival and fitness rates (Fig. 5). 

 

Figure 5. Network graphs showing significant Pearson correlations among population mean trait values in the Spanish 

(red), French (green) and Italian (blue) sites. Line thickness represents the strength of the correlation (r coefficient). 

Solid and dashed lines correspond to positive and negative correlations, respectively. 
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Discussion 

Our study revealed that European populations of P. pinaster genetically differed in virtually all 

studied early fitness traits, presumably as a result of divergent selection pressures associated 

with heterogeneous climatic conditions at different spatial scales across the species range. We 

found clinal variation in seedling traits associated with provenance annual mean temperature 

and precipitation seasonality. Overall, warmer provenances with higher precipitation 

seasonality had bigger seeds and produced seedlings that emerged more and earlier, grew taller 

and survived more, which resulted in higher fitness over the two study years. We also found 

evidence of significant microgeographic trait variation among populations located a few 

hundred meters apart along steep environmental gradients. Finally, different provenances 

showed contrasting patterns of phenotypic plasticity for most seedling traits, but trait-trait 

correlations were largely consistent across experimental environments. 

Clinal variation of seedling traits with provenance temperature and precipitation seasonality  

It is well established that Maritime pine presents high levels of population differentiation in 

quantitative traits (Alía et al., 1995, 1997; Chambel et al., 2007; Aranda et al., 2010, Ramírez-

Valiente et al. 2021a and references therein). However, few studies have focused on early fitness 

traits and addressed the potential environmental drivers of their population genetic divergence 

(Correia et al., 2014).  

Our results revealed significant associations between among-population variation in early 

fitness traits and provenance variation in climate, especially with provenance annual 

temperature and precipitation seasonality. Being critical environmental factors for successful 

recruitment, temperature and precipitation have been identified as important drivers of genetic 

divergence in early fitness traits for many species (Baskin & Baskin, 1998), including Pinus sp. 

(Ramírez-Valiente et al., 2021c). Beyond annual precipitation accumulation, its seasonal 

distribution (and its effect on soil moisture) is considered an important selective agent for 

germination strategies (Cowling et al., 2005; Urbieta et al., 2008; de Dios Miranda et al., 2009). 

In particular, studies on P. pinaster natural regeneration have found precipitation timing to be a 

major determinant of seed germination, early seedling development and survival (Ruano et al., 

2009; Rodriguez-Garcia et al., 2011). Our results showed that P. pinaster populations evolved 

under stronger seasonal precipitation regimes (characterized also by lower summer 

precipitation) and warmer climates had higher and earlier seedling emergence than populations 
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from provenances with lower annual temperature and a more homogeneous seasonal 

distribution of rainfall (and higher summer rainfall).  

Importantly, the fact that Maritime pine seedlings from warmer provenances had higher growth, 

first-year survival and second-year cumulative fitness at the warmest experimental site (Spain), 

relative to seedlings from colder provenances, suggested that they are better adapted to higher 

temperatures and drier conditions during early recruitment stages. In addition, we observed 

that seedlings from provenances from warmer areas had higher fitness in the French garden and 

that seedlings from provenances with higher precipitation seasonality grew taller in Italy and 

showed higher survival and fitness in both Italy and France. These results suggest higher survival 

of seedlings from harsher (warmer and with higher precipitation seasonality) environments 

irrespective of the growing site, and are consistent with those found by Alia et al. (1997) for 

adult trees. However, the higher growth rates exhibited by seedlings from warmer and more 

seasonal climates contrast with previous results reporting higher growth for Maritime pines 

from (more humid) Atlantic provenances when grown in milder environments (Kremer & 

Roussel, 1986; Alía et al., 1995, 1997), including during early life stages (Fernández et al., 1999). 

These contrasting results call for further investigation to help establish whether previous results 

in the literature, as well as our own, could be replicated under a wider range of experimental 

conditions and using seed lots from multiple crop years. The fact that our trials were conducted 

in the field under semi-natural conditions, versus the chamber experiments by Fernández et al. 

(1999), illustrates the risks of generalizing results obtained under controlled conditions, as well 

as the potentially strong dependency of field experiments on the particular environmental 

conditions experienced during the study years. 

The patterns of covariation between seedling fitness traits and seedling climatic provenance are 

consistent with climate-driven divergent selection along the species distribution (Davis et al., 

2005; Alberto et al., 2013). Whether observed trait variation in the common garden experiments 

is the result of genetic factors alone is unclear as the influence of epigenetic or environmental 

maternal effects cannot be discarded. Seed provisioning is a well-known mechanism of 

transmission of environmental maternal effects in many plant species, including Maritime pine 

(Cendán et al., 2013; Zas et al., 2013; Suárez-Vidal et al., 2017), and we found that seed mass, 

which was positively correlated with seedling fitness (discussed below), was higher for seeds 

collected from warmer provenances with more seasonal precipitation regimes (Fig 3). 

Therefore, the higher performance observed for the latter provenances across experimental 

sites might have been partly mediated by differences among provenances in the maternal 
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environment experienced by collected seeds. In any case, mean seed mass has been found to 

be a genetically variable and highly heritable trait in P. pinaster, with a comparatively weaker 

influence of non-genetic effects (Zas & Sampedro, 2015), so we believe our results have likely 

been determined by a combination of genetic and maternal environmental effects. Future 

studies should consider investigating the relative importance of genetic versus environmental 

effects in seed mass variation among Maritime pine provenances. 

Trait variation at fine spatial scale 

Unlike the frequently observed quantitative genetic divergence among distant P. pinaster 

populations, little is known on the minimum scale over which genetic divergence occurs in this 

(Archambeau et al., 2021) or many other species (Richardson et al., 2014). Our sampling design 

allowed us to investigate trait genetic variation at fine spatial scales (from < 1km up to 21 km), 

a range of distances rarely considered in evolutionary ecology research. Our results revealed 

genetic variation among populations located spatially close but in sharply contrasting 

environmental conditions. The differences found among paired (nearby) populations depended 

on the experimental site and phenotypic trait, but all paired populations showed some level of 

significant trait divergence (Supplementary Table S2). At this fine spatial scale, with presumably 

high levels of gene exchange via pollen and seed dispersal (Salvador et al., 2000), it is unlikely 

that the observed variation is explained by neutral genetic drift, but rather by locally divergent 

selection overcoming the homogenising effect of gene flow (Eveno et al., 2008). It has been 

suggested that genetic differences among spatially close populations are more common than 

previously thought, because the common assumption that high gene flow invariably overcomes 

selection at fine spatial scale is seldom tested (Richardson et al., 2014). Other studies have 

reported significant quantitative differentiation among populations along altitudinal gradients 

of a few hundred meters (Alberto et al., 2013a and references therein), including P.pinaster 

(González-Martínez et al., 2002), suggesting that microgeographic trait divergence along other 

kinds of steep environmental gradients should also be possible. For example, Eckert et al., (2015) 

found genetic variation in several quantitative traits among nearby populations of Pinus 

lambertiana within a lake basin that was of the same order of magnitude as that for range-wide 

studies in other conifer species. Furthermore, Eckert et al. (2015) provided strong evidence of 

divergent selection rather than drift was the main force driving the observed population genetic 

differentiation. Another non-excluding explanation for the observed short-distance trait 

divergence is that maternal effects are also a contributing factor, resulting from differences in 

the maternal environmental conditions along the considered gradients during seed 
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development (Cendán et al., 2013). Thus, both divergent selective pressures and maternal 

effects might be involved in the observed seedling trait variation over fine scales. 

Effect of seed mass and emergence time in early survival and fitness 

Our results revealed a consistent positive association between seed mass and seedling fitness 

over two years in all studied sites. Positive associations between seed mass and survival seem 

to be common in species inhabiting highly seasonal climates (e.g. Gómez, 2004; Moles & 

Westoby, 2004; Ramírez-Valiente et al., 2009; Larson et al., 2014; Lebrija-Trejos et al., 2016), 

including pine species (Parker et al., 2006; Cendán et al., 2013; Zas et al., 2013). Given the high 

influence of seed mass in early seedling establishment, high selective pressures for bigger seeds 

are expected, especially in harsher environments (Ramírez-Valiente et al., 2021b). In 

environments where abiotic factors are less restrictive, other selective forces (e.g. longer 

dispersion distance, predation pressures on heavier seeds) could favour lighter seeds (Venable 

& Brown, 1988; Gómez, 2004; Correia et al., 2014; Calama et al., 2017). These observations are 

in line with the pattern found in this study, where populations from warmer and with more 

seasonal precipitation climates tended to produce heavier seeds, while lighter seeds were found 

in milder provenances. Similar climatic patterns have also been observed in other pines 

suggesting a role of climate in shaping population variation of seed mass (Ramírez-Valiente et 

al., 2021b and references therein). However, other possible sources of variation in seed mass, 

such as maternal environmental effects, cannot be distinguished in this experimental design. 

The positive association between seed mass and survival under Mediterranean conditions has 

usually been explained by the fact that larger seeds have more reserves and produce seedlings 

with larger growths and/or deeper roots (Surles et al., 1993; Westoby et al., 2002, 1996; Castro, 

1999; Wennström et al., 2002; Parker et al., 2006; Bladé & Vallejo, 2008; Leishman et al., 2009; 

Tíscar Oliver & Lucas Borja, 2010; Wahid & Bounoua, 2013; Calvo et al., 2016). Moreover, higher 

seed mass has been associated with higher root investment in pine species (Matías et al., 2014; 

Ramírez-Valiente & Robledo-Arnuncio, 2015), which is of primary importance to access deeper 

water sources and increase the probabilities to survive under drought conditions. 

We also found evidence of higher survival and fitness of seedlings with earlier emergence, 

consistently with results obtained for other species inhabiting seasonal climates (Stratton, 1992; 

Seiwa & Kikuzawa, 1996; Seiwa, 2000; Simons & Johnston, 2000; Donohue, 2002; Shimono & 

Kudo, 2003; Castro, 2006; Benard & Toft, 2007; Warwell & Shaw, 2019). Selection for early 

emergence in the growing season is expected if it provides advantages with respect to a 

predictable environmental cue (Verdú & Traveset, 2005; Donohue et al., 2010). Early emergence 
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is considered of great importance in Mediterranean and arid ecosystems, because it provides 

seedlings with more time to grow and develop before the onset of the recurrent and critical 

summer drought (Vizcaíno-Palomar et al., 2014; Callejas-Díaz et al., 2022). In fact, in our study 

we found a clear relationship between emergence time and seedling early fitness in all sites, 

suggesting that early emergence has an adaptive role in response to summer drought in all sites. 

Importantly, both macroclimatic clines and fine-scale variation among populations differing in 

water availability point to the same conclusion. More arid populations (warmer and with more 

seasonal precipitation) emerged earlier and, at fine-scale, the drier population of the pair tended 

to show earlier emergence across sites (although differences were not always significant), 

suggesting that earlier emergence is favoured under water limitation.  

Altogether, results showed that Pinus pinaster populations differed in early life stages, with 

mean annual temperature and precipitation seasonality as potential climatic drivers of 

population divergence. Evidence of microgeographic genetic divergence among close 

populations suggests that natural selection can override gene flow under strongly contrasting 

environments. Finally, consistent patterns of trait correlation across experimental sites evidence 

that heavier seeds and early seedling emergence elicit higher survival rates and fitness in this 

species. Strong genetic variation and differences in plastic responses among populations suggest 

high adaptive potential in P. pinaster at early-life stages, provided that the increasing 

aridification predicted in the Mediterranean region does not critically hinder seedling survival.  
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Supporting information 
 

Figure S1. Principal component analysis of climatic variables of Pinus pinaster populations. Population 

scores are represented by symbols with paired (nearby) populations sharing the same symbol and 

identified by black or grey colour. Loadings for the climatic variables are in green. Selected climatic 

variables for correlation analysis are in bold. The climatic variables were annual mean temperature (bio1), 

mean diurnal range (bio2), isothermality (bio3), temperature seasonality (bio4), maximum temperature 

of warmest month (bio5), minimum temperature of coldest month (bio6), temperature annual range 

(bio7), mean temperature of wettest quarter (bio8), mean temperature of driest quarter (bio9), mean 

temperature of warmest quarter (bio10), mean temperature of coldest quarter (bio11), annual 

precipitation (bio12), precipitation of wettest month (bio13), precipitation of driest month (bio14), 

precipitation seasonality (bio15), precipitation of wettest quarter (bio16), precipitation of driest quarter 

(bio17), precipitation of warmest quarter (bio18), precipitation of coldest quarter (bio19). 
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Table S1. Results of the mixed models performed in each of the three studied common-garden sites 
showing the population effect on early fitness traits.  

 Spain France Italy 
  χ2 P χ2 P χ2 P 
Emergence 85.45 <0.001 115.16 <0.001 89.21 <0.001 
Emergence100 122.03 <0.001 265.04 <0.001 115.04 <0.001 
Emerg. time 404.99 <0.001 1038.2 <0.001 419.25 <0.001 
Emerg. time100 689.72 <0.001 467.09 <0.001 1262.9 <0.001 
Survival1 46.87 <0.001 52.63 <0.001 50.46 <0.001 
Survival2 26.15 0.016 88.65 <0.001 18.97 0.124 
Fitness1 51.73 <0.001 199.32 <0.001 123.51 <0.001 
Fitness2 53.1 <0.001 138.96 <0.001 96.29 <0.001 
Height1 108.9 <0.001 46.83 <0.001 285.13 <0.001 
Height2 89.56 <0.001 89 <0.001 302.52 <0.001 
Growth 69.19 <0.001 55.03 <0.001 251.47 <0.001 
Develop. Time 79.35 <0.001 52.34 <0.001 188.74 <0.001 
Dwarf shoot 32.56 0.002 92.42 <0.001 28.02 0.009 
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Table S2. Results of pairwise Tukey tests (z and P-values) of seedling trait divergence between paired (nearby) populations. Results are shown for each trait, population pair 
and experimental site. Only the result of significant effects are shown (ns: non-significant difference). 

  ES1-ES2 ES3-ES4 ES5-ES6 ES7-ES8 FR9-FR10 FR13-FR14 IT19-IT20 

  Trait/Site z  P z  P z  P z  P z  P z  P z  P 
Emergence              

 Spain ns ns ns ns -2.8 0.038 ns ns ns ns -2.8 0.038 ns ns 

 France ns ns ns ns ns ns -3.9 0.001 ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

Emergence100              

 Spain ns ns 2.7 0.043 -4.0 <0.001 ns ns ns ns -2.7 0.045 ns ns 

 France ns ns ns ns ns ns -3.7 0.001 ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

Emergence time              

 Spain ns ns -5.7 <0.001 9.1 <0.001 5.3 <0.001 ns ns ns ns ns ns 
 France ns ns -4.7 <0.001 ns ns ns ns 4.5 <0.001 ns ns ns ns 
  Italy ns ns -4.6 <0.001 ns ns ns ns 3.0 0.021 ns ns ns ns 
Emergence time100             

 Spain ns ns -3.8 0.001 ns ns ns ns 3.4 0.005 -7.9 <0.001 ns ns 
 France ns ns ns ns ns ns ns ns ns ns ns ns -2.8 0.041 
  Italy ns ns -3.2 0.011 ns ns 4.8 <0.001 ns ns -3.2 0.009 ns ns 
Survival1               

 Spain ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
 France ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
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Table S2 (continued)  

 

  ES1-ES2 ES3-ES4 ES5-ES6 ES7-ES8 FR9-FR10 FR13-FR14 IT19-IT20 

  Site z  P z  P z  P z  P z  P z  P z  P 

Survival2               

 Spain ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
 France ns ns ns ns ns ns -4.3 <0.001 ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

Fitness1               

 Spain ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
 France ns ns ns ns ns ns -3.3 0.006 ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns -3.1 0.012 ns ns ns ns ns ns 

Fitness2               

 Spain ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
 France ns ns ns ns ns ns -4.7 <0.001 ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns -3.1 0.014 ns ns ns ns ns ns 

Height1               

 Spain ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
 France 3.54 0.003 ns ns ns ns ns ns ns ns ns ns ns ns 
  Italy ns ns 2.7 0.047 ns ns ns ns -3.9 0.001 ns ns ns ns 

Height2               

 Spain ns ns ns ns ns ns ns ns ns ns 3.7 0.002 ns ns 
 France 2.82 0.033 ns ns ns ns ns ns ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns ns ns ns ns ns ns 2.9 0.026 
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Table S2 (continued)  

 

  ES1-ES2 ES3-ES4 ES5-ES6 ES7-ES8 FR9-FR10 FR13-FR14 IT19-IT20 

  Site z  P z  P z  P z  P z  P z  P z  P 
Growth               

 Spain ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
 France 3.51 0.003 ns ns ns ns ns ns ns ns 3.6 0.002 ns ns 
  Italy ns ns ns ns ns ns ns ns ns ns ns ns 3.0 0.022 
Develop. Time              

 Spain ns ns -2.7 0.045 5.0 <0.001 ns ns ns ns ns ns ns ns 
 France ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns 2.9 0.029 4.0 <0.001 ns ns ns ns 
Dwarf shoot              

 Spain ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
 France ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
  Italy ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
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Discussion 
This thesis provides new results on the levels and patterns of population divergence in early 

fitness traits in three forest tree species. For each study species, we identified climatic and/or 

geographic variables associated with trait population divergence, particularly related to 

temperature and precipitation. Observed trait-climate associations are consistent with climate 

as a major selective agent of adaptive population divergence. This thesis also revealed that the 

great majority of the studied traits exhibited phenotypic plasticity across growing environments, 

as well as differences in plasticity among populations (i.e, genotype-by-environment 

interaction). This implies that the response to a given environment is trait- and population-

specific, possibly as a result of divergent selection on phenotypic plasticity among populations. 

Furthermore, the differences in plasticity of traits displayed by populations translated into 

different patterns of trait covariation among growing environments. These results highlight the 

complexity of multi-trait selection and evolution in forest tree populations, questioning 

predictions on future species responses to climate change based on simplistic single-trait 

perspectives obtained from a single or even multiple unrealistic environments. Finally, we 

acknowledge and discuss some potential confounding factors that preclude generalization of 

results and that deserve further investigation.  

Genetic variation in early fitness traits in forest tree species 

Common garden and reciprocal transplant experiments have a long history in forest tree species 

(Turesson, 1922; Clausen et al., 1941; Antonovics & Bradshaw, 1968; Langlet, 1971) and have 

produced abundant data on patterns of genetic variation within species (e.g. Aitken et al., 2008; 

Aitken & Bemmels, 2016). Consistently with previous research (Savolainen et al., 2007; Alberto 

et al., 2013; Baughman et al., 2019; Ramírez-Valiente et al., 2021a), we found considerable 

population differentiation in the three study species, which have contrasting climatic niche, 

evolutionary history, distribution and ecology. Overall, we found significant population variation 

in functional traits related to regeneration, establishment ability and drought tolerance, namely 

germination or emergence rates (Chapter I and III), germination or emergence time (Chapter I 

and III), growth traits (Chapter I-III), phenological traits (Chapter I), physiological traits (Chapter 

II), leaf morphological traits (Chapter II) and resource allocation (Chapter II). Genetic diversity is 

the fundamental material for evolutionary change (May, 1994; Pauls et al., 2013), and it was 

found for most study traits both among populations within species and among maternal families 

within populations. Higher levels of genetic diversity have been associated with enhanced 
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species resistance (Nowak et al., 2007; Markert et al., 2010) and adaptive potential (Frankham, 

2005a,b; Jump et al., 2009). The population differences found in functional traits were 

associated with significant differences in fitness over two years among Pinus pinaster 

populations in all studied sites (Chapter III). However, neither Betula pendula nor Quercus 

faginea showed remarkable population differences in survival, despite exhibiting significant 

genetic variation in multiple functional traits. In the case of Q. faginea, high survival rates were 

found for all populations, and we hypothesized that the experimental conditions were not 

stressful enough to induce significantly different survival rates among populations (see Chapter 

II for further discussion on this issue). On the contrary, the lack of important differences in 

survival among B. pendula populations was related to extremely low germination and survival 

rates. Differences in individual phenotypes might not result in differences in fitness under either 

strong selection pressures (i.e. all individuals die regardless of their trait values), or under 

absence of selection (i.e. all individuals survive regardless of trait values) (Larson et al., 2020). 

As a consequence, the existence of genetic variation is necessary but may not always be 

sufficient for adaptive evolution, and ultimately for population persistence, particularly under 

extreme changes in environmental conditions.  

One of the principal aims of evolutionary ecology is to understand how genetic diversity is 

created and maintained in an ecological context (Westoby & Wright, 2006; Des Roches et al., 

2018). There are different scales at which genetic variation can be structured within a species. 

We have investigated three important scales from an evolutionary point of view: (i) a 

macrogeographic scale of hundreds of kilometres, corresponding to entire species distribution 

ranges  along broad environmental gradients (which is part of Chapers I, II, III and will be further 

discussed in the next section), (ii) a microgeographic scale of up to a few kilometres, with 

individuals distributed within gene flow range but along steep environmental gradients (Chapter 

III), and (iii) among nearby families within a population, in a relatively more homogeneous 

environment (Chapter I). Previous research effort has focused mostly on the former and latter 

scales. In forest tree species, high levels of genetic diversity within populations are commonly 

found, even higher than those found among populations for many species (Hamrick, 2004; Petit 

& Hampe, 2006; Latta, 2008). Consistently, we found high levels of within-population variation 

in Betula pendula for height, slenderness, diameter and phenology, the last two showing higher 

variation within than among populations. Within population genetic diversity is essential for 

rapid adaptive evolution under changing environmental conditions, as it increases the chances 

of carrying pre-adapted alleles (i.e, “option value”, Jump et al., 2009) for the new environmental 

conditions to which populations are exposed (Davis & Shaw, 2001; Davis et al., 2005).  
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We also found genetic variation among P. pinaster stands located geographically close but in 

sharply contrasting environmental conditions (see Chapter III for further details). These findings 

would be consistent with the hypothesis that strong differential selection pressures at small 

scale can override the homogenising effect of gene flow (Scotti et al., 2016). Examples of 

microgeographic genetic adaptation are abundant in herbaceous species (e.g. Anderson et al., 

2015; DeMarche et al., 2016), especially in relation with heavy metal tolerance (Linhart & Grant, 

1996; Brady et al., 2005), and are also common in forest tree species, mainly studied along 

altitudinal gradients (see Alberto et al., 2013 and references therein). Even so, it is often 

assumed that high levels of short-range gene flow coupled with temporal fluctuations in 

selection should hamper adaptive divergence over small scales in forest trees (McKay et al., 

2005; Richardson et al., 2014; Scotti et al., 2016). Evidence of fine-scale genetic divergence in 

forest species has been also found in the context of environmental gradients other than altitude, 

but it has been seldom examined (but see e.g. Branco, 2009; Eckert et al., 2015). Having a better 

view of multi-scale patterns of genetic structure within species is essential to understand the 

spatial dimension of evolutionary change, to predict how species may respond to climate 

change, and to develop effective management and restoration plans at both regional and local 

scales.  

Adaptive divergence along environmental gradients 

Species inhabiting heterogeneous environments are subjected to different selective pressures 

along their distribution area. If there is genetic variation for a functional trait and that trait is 

heritable, differential selective pressures along environmental gradients would drive the 

divergent evolution in mean trait values, such that fitness is enhanced in the specific 

environment where populations are located (Savolainen et al., 2007; Aitken et al., 2008). Trait 

genetic variation along geographical and climatic gradients is common in forest tree species (see 

Alberto et al., 2013 and Ramírez-Valiente et al., 2021a and references therein), which suggests 

that climate is a major selective agent driving population genetic divergence in species with wide 

distributions and/or inhabiting heterogeneous environments. Specifically, Alberto et al. (2013) 

found in their review that ca. 78% of studied traits showed clinal variation associated with 

geographic or climatic gradients. In this thesis, almost every trait studied showing among-

population variation also exhibited significant or marginally non-significant associations with 

climatic variables along environmental clines in at least one growing environment. 

Nevertheless, the patterns of trait variation along environmental clines were species-specific. In 

B. pendula, trait differences among populations followed a latitudinal cline (Chapter I), similar 
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to many other temperate European forest tree species with continuous and widespread 

distributions (Savolainen et al., 2007; Alberto et al., 2013). Latitude is considered a proxy of 

multivariate environmental variation (Savolainen et al., 2007), and in Europe latitude does 

indeed strongly correlate with temperature and precipitation, besides its association with day 

length (De Frenne et al., 2013). Remarkably, as has been previously found in other species  (De 

Frenne et al., 2013; Debieu et al., 2013), we found no climatic variables, alone or in combination, 

that explained the observed genetic variation better than latitude itself in this species, which 

suggests that population trait differentiation in B. pendula has likely occurred as the result of 

multivariate divergent selection. In the case of the Mediterranean species, Q. faginea and P. 

pinaster, we found that population trait differentiation was mostly associated with temperature 

and precipitation gradients. Temperature and precipitation have been identified as major 

drivers of population differentiation for many traits in a high variety of species and regions 

(Aitken & Bemmels, 2016; Baughman et al., 2019), especially in Mediterranean ecosystems 

(Ramírez-Valiente et al., 2021a). The strong spatial heterogeneity, the complex orography, and 

the climatic variation from Mediterranean to Atlantic and from coastal to continental areas may 

have favoured high genetic differentiation in this region (Jaramillo-Correa et al., 2015; Kremer 

& Hipp, 2020). 

Altogether, climate-trait correlations provide valuable information on the past adaptive 

processes driving within-species genetic variation, and might help identify the climatic factors 

potentially influencing future species adaptation and distribution. Climatic gradients related to 

mean annual temperature and annual precipitation have been commonly investigated in 

multiple species, as their potential role in adaptive evolution (Alberto et al., 2013; Moles et al., 

2014; Baughman et al., 2019; Ramírez-Valiente et al., 2021a). However, for many species, 

selection might operate more strongly during specific seasonal periods such as winter or 

summer. Such is the case of species in Mediterranean regions, where seasonal values of 

temperature and precipitation might have a stronger impact on survival and growth than 

average annual values. In fact, there are many examples of specific environmental cues driving 

population differentiation, (e.g. Corcuera et al., 2011; Santini et al., 2019; Satyanti et al., 2019) 

which highlight the need to take them into account when investigating patterns of adaptive 

evolution. In this thesis, minimum temperature of coldest month (Chapter II) and precipitation 

seasonality (Chapter III) were identified as potential drivers of population trait divergence for Q. 

faginea and P. pinaster, respectively, suggesting an important selective role in the 

Mediterranean region that would deserve further investigation.  
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Additionally, it is worth noting that although individual climatic variables may have strong 

impact in genetic trait variation, phenotypes are subjected to the simultaneous action of 

multiple environmental factors, which exert selection in conjunction (Suzuki et al., 2014; De 

Vries, 2021). The study of multivariate climate in Chapter II identified divergent resource-use 

strategies among populations of Q. faginea, beyond the association of single traits with single 

climatic variables. Contrastingly, the strong correlations between mean population trait values 

and single climatic factors in P. pinaster did not translate into significant associations between 

multivariate climatic factors and phenotypic variation. These results highlight the general 

importance of climate on the adaptive divergence of populations, but also the complex and 

species-specific environmental factors exerting selection over tree populations even for species 

inhabiting the same ecosystems. For this reason, climate change and extreme climatic events 

may affect tree populations and species differently, depending on their sensitivity to specific 

climatic cues (Suzuki et al., 2014). Investigating selective effects of specific climatic factors, their 

temporal patterns, and the combined effect of different climatic factors on the adaptive 

responses of species and populations would improve the accuracy of evolutionary forecasts in 

face of the expected multivariate change in climate. 

It is important to remark that trait variation along climatic gradients is commonly interpreted as 

evidence of adaptive evolution, but these patterns are not necessarily consistent with more 

strict definitions of local adaptation. Evidence of local adaptation is supported when the local 

population has higher fitness in the local environment than non-local populations (following the 

“local vs. foreign” criterion, Kawecki & Ebert, 2004). Strictly, reciprocal transplant experiments 

would be needed to test this hypothesis. Nevertheless, our selection of experimental sites 

geographically and climatically closed to at least one of the studied populations in B. pendula 

and P. pinaster can serve as an alternative approach to investigate whether those populations 

outperformed populations from more distant origins in each particular site (Chapter I and III). 

Likewise, our common garden experiment with two watering treatments allowed to test 

whether populations from drier climates had higher fitness under drought experimental 

conditions in Q. faginea as expected in a local adaptation context (Chapter II). Overall, following 

this local vs. foreign criterion applied to our experimental designs, we did not find evidence of 

local adaptation. For instance, in Chapter I, B. pendula seeds and seedlings from Lithuanian 

provenances performed better in terms of emergence (and fitness, data not shown) than 

German provenances when grown at the German garden. In Chapter II, despite the strong 

population differences in functional traits, non-significant differences among populations in 

survival under drought conditions obscured any evidence of local adaptation to drought in Q. 
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faginea. In Chapter III, none of the P. pinaster provenances closest to the respective 

experimental sites outperformed provenances from more distant origins in terms of emergence, 

survival and fitness. Overall, it is worth noting how our study of early-life stages, with limited 

potential to represent lifelong fitness, was able to reveal patterns of variation that were 

consistent with adaptive divergence in functional traits over broad scales but not with local 

adaptation using fitness traits. 

A possible reason for not finding local adaptation evidence in this thesis could be experimental 

constraints, given the difficulty of measuring a local fitness advantage in an appropriate 

environmental and temporal context (Ramírez-Valiente et al., 2021a). Studies failing to find 

evidence of local adaptation are not rare in the literature (Leimu & Fischer, 2008; Latreille & 

Pichot, 2017). Besides experimental limitations, several evolutionary processes could actually 

hamper the evolution of local adaptation  (Kawecki & Ebert, 2004). The homogenizing effect of 

gene flow among populations could preclude local adaptation if selective forces are not strong 

enough to eliminate maladaptive alleles immigrating from other populations (Savolainen et al., 

2007). In addition, the temporal fluctuation in natural selection would promote generalist 

phenotypes and enhance adaptive phenotypic plasticity, which would give rise to adaptive 

phenotypic differentiation without increasing genetic differentiation (Schmid & Guillaume, 

2017). On the other hand, recent demographic migration into novel habitats might also explain 

phenotypic deviations from current local optima (Kawecki & Ebert, 2004). Thus, the complex 

interaction among evolutionary and demographic factors could result in genetic differentiation 

among populations and gentoype-by-environment interactions that do not necessarily reflect 

local adaptation under the studied conditions.  

Phenotypic plasticity and trait coordination 

Phenotypic plasticity is the ability of a genotype to express different phenotypes under variable 

environmental conditions (Valladares et al., 2007). Plasticity is expected to play an important 

role in species responses to climate change, along with adaptive evolution, as both can shape 

the range of phenotypes expressed under environmental changes (Kelly, 2019). In this thesis, 

we have explored genotype-by-environment interactions, especially in Chapters II and III, by 

studying functional traits under different growing environments. We found that Q. faginea 

populations exhibited different levels of plasticity in response to two watering treatments in 

60% of the studied traits (ranging from 25% of leaf morphological traits to 83% of physiological 

traits) after one month of water withdrawal (Chapter II). These findings are similar to those 

reported by previous reviews and meta-analyses in which around 50% of traits showed 
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genotype-by-environment interaction (Matesanz & Ramírez-Valiente, 2019; Ramírez-Valiente et 

al., 2021b). Moreover, more than 90% of early fitness traits measured for P. pinaster showed 

significant population variation in plasticity across three common gardens. If adaptive, the 

existence of phenotypic plasticity may help population persistence to rapid climate changes 

(Chevin et al., 2010). Besides, plasticity can be considered a trait itself, and as such, it can evolve, 

provided populations harbour genetic variation in plasticity (Via & Lande, 1985; Scheiner, 1993; 

Tufto, 2000; Shaw & Etterson, 2012). Our results showed high levels of genetic variation in 

phenotypic plasticity in both Q. faginea and P. pinaster. As for adaptive genetic variation in trait 

means, greater genetic variation in plasticity is expected to increase the chances for natural 

selection to fine-tune the plastic responses of populations (Lande, 2009; Kelly, 2019). 

Phenotypic plasticity has been mostly studied on single traits (Valladares et al., 2007, 2014), 

although multiple traits are commonly involved in the response to environmental change. This 

has two important evolutionary implications. On the one hand, the growing environment can 

alter the patterns of trait correlations if they show different levels of plasticity (Schlichting, 1986, 

1989; Matesanz et al., 2021), which has been called plasticity of integration (Nielsen & Papaj, 

2022). Our results supported the existence of plasticity of integration in Quercus faginea and 

Pinus pinaster (Chapter II and III, respectively) for the set of the studied traits. Importantly, 

changes in trait correlations may affect the outcome of selection on those traits in different 

environments (Schlichting, 1986; Agrawal, 2001; Plaistow & Collin, 2014; Matesanz et al., 2021). 

These findings suggest that correlated evolution and trade-offs are environment-specific. By 

contrast, conserved patterns of trait correlations across environments might suggest causal 

relationships among plastic traits (Pigliucci, 2005), which was the case for several P. pinaster 

early fitness traits across the studied sites (Chapter II). Actually, testing causal correlations would 

require manipulative experiments  to shed light on how plasticity of one trait may alter the 

response of other traits, and how selection would act on interdependent traits (Nielsen & Papaj, 

2022).  

On the other hand, the plasticity of different traits should change in a coherent way as to 

optimize the response to the environmental change, implying that plasticity of traits is often 

interrelated, which is called integration of plasticity (Schlichting, 1986; Nielsen & Papaj, 2022). 

This feature of plasticity has seldom been explored in plants (but see Nicotra et al., 1997), 

perhaps because the complexity and sampling requirements of multivariate trait analyses. As 

previously mentioned, selection acts on whole-phenotypes and thus, acts on the result of a 

coordinated plastic response among traits (Schlichting, 1986). Multivariate plasticity is defined 
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by two metrics, magnitude and direction, where magnitude is the average plastic change 

considering all traits and direction indicates the relative importance of different traits in such 

change (Collyer & Adams, 2007). In Chapter II, we found differences among populations of Q. 

faginea in both the magnitude and direction of multivariate plastic responses. More specifically, 

our results revealed that cold and xeric populations had lower magnitude of multivariate 

plasticity (i.e. the average of all traits), but they exhibited higher plasticity for some traits, 

specifically, leaf morphological traits. In contrast, mesic populations with mild winters had 

higher magnitude of plasticity that mainly resulted from higher plasticity of physiological, 

growth and allometric traits. These differences among populations in plasticity of traits resulted 

in differences in the so-called direction of plasticity. The strong associations between the 

magnitude and direction of plasticity with provenance climate suggested that climate-driven 

selection has shape multivariate phenotypic plasticity in this species.  

Overall, the high levels of genetic variation in functional traits and in their phenotypic plasticity, 

in the studied Mediterranean species (Q. faginea and P. pinaster) suggest a high potential for 

adaptive responses to ongoing climate change. To the extent that our results can be generalized 

to later life stages and more realistic environmental contexts, the high survival rates observed 

six months after water withdrawal in Q. faginea, as well as the largely successful seedling 

establishment across the P. pinaster sites, provide some optimism regarding the potential 

resilience of these species to the forecasted aridity increment in the Mediterranean. 

Regeneration and seed-to-seedling stages 

The regeneration process comprises several phases that have to be completed for recruitment 

to be effective (Calama et al., 2017), and which are characterized by strong elimination rates, 

potentially translating into high viability selection pressures. The identification of the major 

bottlenecks along the regeneration process and the main early functional traits that promote an 

effective seedling establishment is crucial to characterize the regeneration niche of species and 

to assess their vulnerability to climate change (Jackson et al., 2009; Donohue et al., 2010; Walck 

et al., 2011). In Chapters I and III, we have investigated the seed-to-seedling transition and the 

regeneration ability in semi-natural conditions of two species with contrasting reproductive 

strategies. We have identified different regeneration bottlenecks for each species. B. pendula’s 

major restriction on regeneration was found in the germination-emergence phase, which was 

completely unsuccessful in the Lithuanian garden, extremely low in the Spanish garden and less 

than 1% for most populations in the German garden. In the latter garden, survival of emerged 

seedlings was much higher than the emergence rate (rate of emergence of 1.3% vs 28% survival 
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rate). By contrast, average P. pinaster emergence was rather high (60%), while first-year seedling 

survival was comparatively low (36%), especially in the more arid site (13%). These findings 

reflect different reproductive strategies between the two species. B. pendula produces 

enormous amounts of seeds, particularly in masting years (Atkinson, 1992). Its seeds are 

extremely light and have very little reserves, as a specialization for long-distance wind dispersal. 

Successful regeneration of this species relies on maximizing the probability that some seeds 

reach transiently suitable microenvironmental locations (e.g. recently opened forest gaps) 

where seedling emergence is more likely (spatial bet hedging). In comparison, P. pinaster seeds 

are bigger and contain more reserves, increasing the chances of seedling emergence across 

different microenvironmental conditions, at the expense of reduced dispersal range. After 

successful emergence, P. pinaster seedlings suffered strong mortality during the dry summer 

period, consistently with drought being the main cause of early mortality in this species (Sagra 

et al., 2018). Once seedlings completed the first dry season, the ability to survive in the following 

years strongly increased (from 36% to 75%). According to these results and Calama et al. (2017), 

the mayor bottleneck in the regeneration of P. pinaster is found after emergence during the 

seedling establishment stage, especially in the first year.  

Additionally, our work supports a well-established association between seed mass and seedling 

survival and growth. As discussed in Chapter III, there are several explanations for this 

widespread association, one of the most important being that heavier seeds provide seedlings 

with greater amounts of reserves that allow them to grow more before their growth and survival 

entirely depend on carbon assimilation rates and nutrient and water root absorption (Westoby 

et al., 2002, 1996; Castro, 1999; Bladé & Vallejo, 2008; Leishman et al., 2009; Wahid & Bounoua, 

2013; Calvo et al., 2016). Besides, we have also identified emergence date as an important 

determinant of seedling survival. Although the causal relation cannot be discerned in our study, 

similar results have been reported for this species in previous studies (Vizcaíno-Palomar et al., 

2014; Callejas-Díaz et al., 2022). Manipulative experiments in P. sylvestris align with these results 

(Castro, 2006), suggesting that early emergence has an adaptive value in facing summer drought 

(Verdú & Traveset, 2005).  

Finally, our results on the largely unsuccessful B. pendula seedling emergence deserve a 

cautionary note on the long-term viability of its southern populations. Droughts are expected to 

become more frequent and extreme, especially in southern European regions, as part of the 

predicted global warming and decrease in precipitation (IPCC, 2014). More arid conditions are 

already causing regeneration failures even in species adapted to Mediterranean ecosystems 
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(Garcia-Fayos et al., 2020). The limited regeneration capacity under dry conditions observed in 

B. pendula, despite substantial genetic variation and plasticity among tested provenances, 

suggests that this species is highly vulnerable to an increased aridity. The observed regeneration 

failure in a dry year in two of the gardens, along with the observed limitation of seed production 

in southern populations (Midmore et al., 2015), further suggest that this species will depend 

upon a combination of good seed-crop years and adequate environmental conditions during the 

germination season, which could compromise the regeneration capacity of this species in 

drought-prone habitats, and thus, the persistence of southern populations (Beck et al., 2016). 

Despite low regeneration capacity, adaptive evolution can occur if sufficient seedling 

establishment is still achieved under strong selection of adapted genotypes. However, the rate 

of adaptation may be insufficient for population persistence if a change in the environment 

reduces fitness below demographic replacement levels (Bell & Collins, 2008; Gomulkiewicz et 

al., 2010; Shaw & Etterson, 2012). The fate of some B. pendula populations, particularly those 

in southern marginal areas is thus unclear, which calls for further research and monitoring the 

demography of the species in the southern margins of its distribution.  

Future perspectives  

Based on our results, we suggest further emphasis on experiments and models including seed-

to-seedling stages. The incorporation of early-life components of fitness, along with survival and 

reproductive success estimates at later stages, would allow a better characterization of lifelong 

fitness, providing a more comprehensive understanding of adaptive processes (Shaw & Etterson, 

2012; Moran et al., 2017). We acknowledge, however, the financial and logistic challenges it 

implies, especially in long-lived species such as trees. Chapter II is a good example of the 

importance of studying longer timespans. In that Chapter, we found strong genetic 

differentiation in many functional traits among Q. faginea populations under two watering 

treatments and we identified divergent resource-use strategies coupled with diverse plastic 

responses among populations. These functional strategies did not translate into different 

survival rates in the dry treatment and thus, the adaptive value of the different resource-use 

strategies were not corroborated with fitness differences that could have been expressed if the 

experiment had been extended longer.   

Besides, more quantitative population genetic studies including early life stages should be 

performed under natural or seminatural conditions, particularly under harsh climatic conditions 

similar to those that some populations are expected to experience in the future. This way the 

levels of genetic variation would be assessed under more realistic (current or projected for the 
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future) environmental conditions. In fact, levels of genetic variation under non-realistic 

experimental conditions might not accurately reflect those expressed under natural conditions, 

in particular under extreme conditions (Conner et al., 2003). For instance, extreme 

environments might trigger the expression of cryptic genetic variation resulting from stress-

sensitive alleles that have not been eliminated by natural selection (i.e. cryptic genetic variation) 

(Le Rouzic & Carlborg, 2008; Schlichting, 2008). Thus, the investigation of genetic variation in 

traits and in plasticity should be adequately replicated under representative conditions of 

current and future natural environments.  

We also encourage multi-trait studies involving different plant functions, such as those involved 

in resource use efficiency and resistance to different biotic and abiotic stressors. Beyond single-

trait analyses, the study of trait correlations and their coordinated response to environmental 

factors would provide more insightful information on the plasticity and constraints of integrated 

phenotypes and their potential evolutionary trajectories in face of current climate change 

(Schlichting, 1986; Pigliucci, 2003; Pitchers et al., 2013).   

Our results reflect the complexity of evolutionary processes in natural tree populations. We 

found that the observed trait genetic variation and its geographical structure are influenced by 

many factors, such as the species, the specific traits under study, the growing environmental 

conditions during the study years, the geographical and taxonomic scales, and the specific seed-

crop year, among others. Furthermore, selective forces may fluctuate temporally and vary 

ontogenetically. Finally, confounding factors such as maternal effects (environmental and 

epigenetic), can influence the interpretation of and conclusions on early trait variation 

(Cochrane et al., 2015; Gibson et al., 2016; Neale & Wheeler, 2019). Future studies on 

population divergence in functional traits and fitness should consider the challenge of including 

as many of these sources of variation as possible, with sufficient temporal, geographical and 

environmental replication, sampling provenances at different spatial scales, and encompassing 

as many ontogenic stages as possible (Huxman et al., 2022). This would improve our 

understanding of the evolutionary process and the geographical, taxonomic and temporal scales 

influencing its outcomes. 
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Conclusiones 
1. Las tres especies de árboles estudiadas mostraron una variación genética elevada entre 

poblaciones en caracteres tempranos de eficacia biológica y en su plasticidad fenotípica, lo 

que va en contra de la hipótesis de una respuesta homogénea a la selección a nivel de 

especie asumida habitualmente por los modelos de distribución de especies (Capítulos I, II 

y III). 

2. En las tres especies estudiadas, las medias poblacionales covariaron con la localización 

geográfica y/o el clima de procedencia para la mayor parte de caracteres, lo que es 

coherente con la hipótesis de que la variación genética observada ha sido el resultado de 

presiones selectivas divergentes a lo largo de sus rangos de distribución (Capítulos I, II y III). 

3. La temperatura y la precipitación son, potencialmente, los principales agentes selectivos 

abióticos de la divergencia genética entre poblaciones para las especies y caracteres 

estudiados. Los cambios en los promedios globales y en el régimen temporal de la 

temperatura y la precipitación pueden afectar de forma diferente a los distintos caracteres 

tempranos de eficacia biológica y a las distintas poblaciones de las especies (Capítulos I, II y 

III). 

4. La observación de mayores tasas de supervivencia para las poblaciones procedentes de 

zonas cálidas y xéricas es coherente con la hipótesis de que la sequía estival es un factor 

abiótico determinante de la mortalidad temprana en ecosistemas mediterráneos. Además, 

se observaron fuertes correlaciones entre los caracteres fenotípicos y las temperaturas 

mínimas en invierno y la estacionalidad de las precipitaciones, lo que sugiere que estos 

factores abióticos también pueden haber modelado la variación genética observada para los 

caracteres (Capítulos II y III). 

5. La probabilidad de transición de semilla a plántula fue baja en las especies estudiadas 

(debido al fracaso de la germinación, a la mortalidad temprana o a ambos) y fue muy 

sensible a factores abióticos. Por lo tanto, ignorar las etapas tempranas de vida en los 

estudios de variación genética de poblaciones puede sesgar las estimaciones de la eficacia 

biológica total, así como confundir los factores ambientales causantes de la variación 

genética (Capítulos I y III). 
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6. La variación de la diferenciación genética poblacional entre ambientes, semillas cosechadas 

en diferentes años y escalas espaciales evidencian la necesidad de realizar más estudios 

sobre la variación de los caracteres con replicación temporal (muestreando semillas en 

diferentes años, sembrando en diferentes años), realizados a diferentes escalas espaciales 

y taxonómicas (a gran escala, a escala fina, intrapoblacional) (Capítulos I, II y III). 

7. A pesar de existir variación genética significativa en caracteres de germinación a lo largo del 

área de distribución de Betula pendula, la regeneración fracasó prácticamente por completo 

para todas las poblaciones de la especie en los lugares de ensayo situados en el centro y el 

sur del área de distribución. Las sequías cada vez más intensas que se esperan en Europa 

pueden limitar la regeneración natural de esta especie de amplia distribución (Capítulo I). 

8. Las tasas de supervivencia temprana no variaron significativamente ni entre las poblaciones 

de Betula pendula ni entre las de Quercus faginea, a pesar de la variación significativa en 

diferentes caracteres funcionales. Las tasas de supervivencia extremadamente bajas o altas 

en estas dos especies, respectivamente, podrían haber enmascarado la existencia de 

variación genética en supervivencia temprana (Capítulos I y II). 

9. El análisis de fenotipos multivariantes mostró que las poblaciones diferían tanto en la 

magnitud como en la dirección de la plasticidad multivariante y que tanto las medias de los 

caracteres como su plasticidad estaban integradas dentro de las estrategias de uso de  

recursos en respuesta a los gradientes de disponibilidad hídrica en Quercus faginea (Capítulo 

II). 

10. Las poblaciones de Quercus faginea mostraron respuestas coordinadas contrastadas a los 

tratamientos de riego en los caracteres morfológicos, fisiológicos, alométricos y de 

crecimiento coherentes con la hipótesis de que la divergencia genética en las estrategias de 

uso de los recursos ha sido impulsada por el clima (Capítulo II). 

11. Las correlaciones observadas entre caracteres variaron según los ambientes 

experimentales, lo que pone de manifiesto la importancia de considerar la posible 

dependencia del ambiente en las estimaciones de selección correlacional o de compromisos 

entre caracteres (Capítulos II y III). 

12. Una mayor masa de las semillas y una emergencia más temprana aumentaron la eficacia 

biológica de las plántulas de las poblaciones de Pinus pinaster independientemente del 
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ambiente experimental, lo que sugiere un importante papel adaptativo de estos caracteres 

bajo diferentes condiciones ambientales (Capítulo III). 

13. Las poblaciones de Pinus pinaster mostraron una variación genética elevada en los 

caracteres de eficacia biológica temprana, incluso para las poblaciones situadas en 

ambientes contrastados pero espacialmente cercanos, lo que es coherente con un escenario 

hipotético de divergencia adaptativa bajo un alto flujo genético en esta especie polinizada 

por el viento (Capítulo III). 

14. A pesar de las correlaciones significativas entre los caracteres y la variación climática en las 

tres especies, no observamos una eficacia biológica significativamente mayor de las 

plántulas en los sitios experimentales ambientalmente más cercanos a su hábitat local, lo 

que podría deberse a la falta de adaptación local pero también a las limitaciones para 

evaluarla en experimentos llevados a cabo en períodos temporales cortos (Capítulos I, II y 

III).  
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Conclusions  
 

1. The three tree species studied displayed substantial among-population genetic variation in 

early fitness traits and in their phenotypic plasticity, which argues against the assumption of 

a homogeneous response of the species to selective pressures in species distribution models 

(Chapters I, II and III). 

2. Within the three studied species, population means co-varied with provenance geographic 

location and/or climate for many traits, consistently with the hypothesis that observed 

genetic variation has resulted from divergent selective pressures along the three species 

distribution range (Chapters I, II and III). 

3. Temperature and precipitation were found to be major potential abiotic selective agents 

driving trait genetic divergence among populations of the studied species. Changes in 

temperature and precipitation in global values and in their regimes may affect early fitness 

traits and populations differently (Chapters I, II and III). 

4. The observation of higher survival rates in populations from warm and more xeric areas is 

consistent with summer drought being a major abiotic determinant of early mortality in 

Mediterranean ecosystems. In addition, strong associations were observed between 

phenotypic traits and minimum temperatures in winter and precipitation seasonality 

suggesting that these abiotic factors may have also shaped observed trait genetic variation 

(Chapters II and III). 

5. The seed-to-seedling transition probabilities were low in the study species (due to either 

germination failure, early mortality or both), and they were highly sensitive to abiotic 

factors. Thus, disregarding early life stages in population genetic variation studies may bias 

estimates of lifetime fitness and confound its environmental drivers (Chapter I and III). 

6. The variation of population genetic divergence across environments, seed crops from 

different years and studied spatial scale evidence the need for more studies on trait 

variation replicated temporally (sampling multiple seed-crop years, replicating common 

garden experiments in different years) and conducted over different spatial and taxonomic 

scales (wide-range, fine scale, intrapopulation) (Chapter I, II and III). 
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7. Despite significant range-wide population genetic variation in germination in Betula 

pendula, recruitment failed virtually completely in all populations at the experimental sites 

in central and southern locations of the distribution area. The increasingly intense droughts 

expected in Europe may constraint natural regeneration of this widespread species (Chapter 

I). 

8. Early survival rates did not vary significantly among populations of either Betula pendula or 

Quercus faginea, despite significant variation in functional traits. Extremely low or high 

survival rates, respectively, might have veiled the extant genetic variation in early survival 

(Chapter I and II). 

9. The analysis of multivariate phenotypes showed that populations differed in both 

magnitude and direction of multivariate plasticity and that both trait means and plasticity 

were integrated within the resource-use strategies in response to water availability 

gradients in Quercus faginea (Chapter II). 

10. Quercus faginea populations showed contrasting coordinated responses to watering 

treatments in morphological, physiological, allometric and growth traits, which were 

consistent with climate-driven genetic divergence in resource-use strategies (Chapter II). 

11. Observed trait correlations varied across experimental growing environments, highlighting 

the importance of considering the potential environment-dependency of correlated 

selection or trait trade-off estimates (Chapter II and III). 

12. Higher seed mass and earlier emergence increased seedling fitness of Pinus pinaster 

populations irrespective of the experimental growing environment supporting an important 

adaptive role of these traits under different environmental conditions (Chapter III). 

13. Pinus pinaster populations showed substantial genetic variation in early fitness traits, even 

for populations in contrasting but spatially close environments, consistently with a 

hypothetical scenario of adaptive divergence under high gene flow in this wind-pollinated 

species (Chapter III). 

14. Despite significant correlations between trait and climatic variation in the three species, we 

did not observe significantly higher seedling fitness in the experimental sites 

environmentally closer to their local habitat, which might be due to the lack of local 

adaptation but also to the limitations to assess it in short-term experiments (Chapter I, II 

and III).



 

   
 

 

 

 


