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ABSTRACT 
                        

Mediterranean forests have undergone multiple changes over the last decades (in both climate 

and land use), which have lead to variations in the distribution of species. The expected 

increase in mean annual temperature together with the greater inter and intra-annual 

variability in extreme events and disturbances occurrence (such as prolonged drought periods, 

cold or heat waves, wildfires or strong winds) can significantly damage natural regeneration, 

up to causing death, playing a decisive role on species composition and forest dynamics.  

The ecological amplitude for adaptation of many species can be affected in such a way that 

changes in the current regeneration niches of many species are expected. However, the 

forecasted poleward migration of species seeking better conditions could be an 

oversimplification of what is a more complex phenomenon of interactions among temperature 

and precipitation, that would affect different species in different ways. In this regard, either 

the ability to adapt to environmental stresses or to compete for limited resources of a single 

species in a mixed forest could lead to variations within a community.  

The ecophysiological and morphological traits specific to each species are strongly related to 

the place where each species can emerge, which species can coexist, and how they respond to 

environmental conditions. In this regard, the understanding of the ecophysiological responses 

observed against changes in environmental conditions can be essential for predicting 

variations in species distribution, community composition, and forest productivity in the 

context of global change. 

In this thesis we investigated the degree of tolerance and sensitivity that each of the three 

studied species, co-occurring in central of the Iberian Peninsula (Pinus pinea, Quercus ilex 
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and Juniperus oxycedrus), show against the typical abiotic stress factors in the Mediterranean 

region. Our work is based on the optimal physiological niche for regeneration of each species 

through in-depth research on the effect of drought, temperature and light environment. 

For this purpose, we developed a model to predict the carbon assimilation rate which allows 

us to identify the optimal environmental conditions where regeneration from each species 

could establish itself more easily. To obtain a better understanding about the effect of low 

temperature on regeneration, we studied the acclimation and deacclimation patterns to cold of 

each species, identifying period of frost sensitivity, as well as bottlenecks where competition 

between species can arise. Finally, to support our results about the effect of water availabilty, 

we conducted a greenhouse experiment with a view of studying the drought effect at the 

whole plant level. Here, two watering regimes were applied in order to study the 

physiological and morphological traits of each species, mainly at the level of the root system 

and stem growth, and so relate them to the different water use strategies of the species.  

Despite the fact that stone pine has been the target species for centuries, nowadays this 

species is in the most unfavorable position to cope with climate change. Holm oak, however, 

resulted the species that is best adapted to tolerate the predicted changes, followed closely by 

prickly juniper. Our results suggest a feasible expansion of the distribution range in holm oak, 

an increase in the prickly juniper presence and a progressive decreasing of stone pine 

presence in the medium term in these stone pine-holm oak-prickly juniper mixed forests. 

 

Key words: Mediterranean mixed forests; natural regeneration; Pinus pinea; Quercus ilex; 

Juniperus oxycedrus; model of photosynthesis; frost tolerance; water use strategy; 

physiological niche; drought stress; climate change. 
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RESUMEN 
                    

Los montes Mediterráneos han experimentado múltiples cambios en las últimas décadas 

(tanto en clima como en usos), lo que ha conducido a variaciones en la distribución de 

especies. El aumento previsto de las temperaturas medias junto con la mayor variabilidad 

intra e inter  anual en cuanto a la ocurrencia de eventos extremos o disturbios naturales (como 

periodos prolongados de sequía, olas de frío o calor, incendios forestales o vendavales) 

pueden dañar significativamente al regenerado, llevándolo hasta la muerte, y jugando un 

papel decisivo en la composición de especies y en la dinámica del monte.  

La amplitud ecológica de muchas especies forestales puede verse afectada, de forma que se 

esperan cambios en sus nichos actuales de regeneración. Sin embargo, la migración latitudinal 

de las especies en busca de mejores condiciones, podría ser una explicación demasiado 

simplista de un proceso mucho más complejo de interacción entre la temperatura y la 

precipitación,  que afectaría a cada especie de un modo distinto. En este sentido tanto la 

capacidad de adaptación al estrés ambiental de una determinada especie, así como su 

habilidad  para competir por los recursos limitados, podría significar variaciones dentro de 

una comunidad. 

Las características fisiológicas y morfológicas propias de cada especie se encuentran 

fuertemente relacionadas con el lugar donde cada una puede surgir, qué especies pueden 

convivir y como éstas responden a las condiciones ambientales. En este sentido, el 

conocimiento sobre las distintas respuestas ecofisiológicas  observadas ante cambios 

ambientales puede ser fundamentales para la predicción de variaciones en la distribución de 

especies, composición de la comunidad y productividad  del monte ante el cambio global. 
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En esta tesis investigamos el grado de tolerancia y sensibilidad que cada una de las tres 

especies de estudio, coexistentes en el interior peninsular ibérico (Pinus pinea, Quercus ilex y 

Juniperus oxycedrus), muestra ante los factores abióticos de estrés típicos de la región 

Mediterránea. Nuestro trabajo se ha basado en la definición del nicho óptimo fisiológico para 

el regenerado de cada especie a través de la investigación en profundidad del efecto de la 

sequía, la temperatura y el ambiente lumínico.  

Para ello, hemos desarrollado un modelo de predicción de la tasa de asimilación de carbono 

que nos ha permitido identificar las condiciones óptimas ambientales donde el regenerado de 

cada especie podría establecerse con mayor facilidad.  En apoyo a este trabajo y con la idea de 

estudiar el efecto de la sequía a nivel de toda la planta hemos desarrollado un experimento 

paralelo en invernadero. Aquí se han aplicado dos regímenes hídricos para estudiar las 

características fisiológicas y morfológicas de cada especie, sobre todo a nivel de raíz y 

crecimiento del tallo, y relacionarlas con las diferentes estrategias en el uso del agua de las 

especies. Por último, hemos estudiado los patrones de aclimatación y desaclimatación al frio 

de cada especie, identificando los periodos de sensibilidad a heladas, así como cuellos de 

botella donde la competencia entre especies podría surgir. 

A pesar de que el pino piñonero ha sido la especie objeto de la gestión de estas masas durante 

siglos,  actualmente se encuentra en la posición más desfavorable para combatir el cambio 

global, presentado el nicho fisiológico más estrecho de las tres especies. La encina sin 

embargo, ha resultado ser la especie mejor cualificada para afrontar este cambio, seguida muy 

de cerca por el enebro. Nuestros resultados sugieren una posible expansión en el rango de 

distribución de la encina, un aumento en la presencia del enebro y una disminución  

progresiva del pino piñonero a medio plazo en estas masas. 
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Palabras clave: masas mixtas Mediterráneas; regeneración natural; Pinus pinea; Quercus 

ilex; Juniperus oxycedrus; modelo de fotosíntesis; tolerancia a heladas; estrategia en el uso 

del agua; nicho fisiológico; estrés hídrico; cambio climático.
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1. GENERAL INTRODUCTION 

1.1. MEDITERRANEAN MIXED FORESTS RELEVANCE  
 

In a global context, the number of species in a forest is defined by two general geographical 

features. First, the floristic spectrum decreases from equatorial areas to the poles; second, 

European mixed forests are less common than in equivalent latitudes of America or East Asia 

(in contrast to pure forests). Mixed forests in the Iberian Peninsula are not an exception to this 

condition of lower richness of tree species (Castro et al. 1997). Generally, Mediterranean 

mixed forests in the Iberian Peninsula are linked to biotopes of favourable conditions, which 

are easier to find in coastal areas or close to them, influenced by softer temperatures and 

higher humidity instead of submontaneous and montaneous inland locations where 

environmental conditions are harder. Despite this, mixed forests can be found in the Iberian 

Peninsula under continental-Mediterranean conditions mainly in thalweg profiles with a better 

water supply or valley areas more protected from wind, fires and thermal contrast. Apart from 

climate, historically, Mediterranean forests have been strongly transformed and altered by 

humans for thousands of years, thus the current species composition is probably the result of a 

sclerophyllization process of forests highly determined by the anthropogenic soil degradation 

and the increasing temperature (González-Rebollar et al., 1995; Valladares et al., 2004). 

Nevertheless, Mediterranean mixed forests have specific features which make them a unique 

world natural heritage (Palahi et al., 2008). 

While pure forests are typically associated with low ecological value, forests with greater tree 

species richness show a positive relationship with other biodiversity components (Gamfeldt et 

al., 2013). Moreover, it has been proved that species mixing leads to better water and nutrient 

uptake (Pretzsch et al., 2013), higher carbon storage capacity and higher potential to develop 

mitigation strategies against adverse condition. Ultimately, the importance of mixed forests 
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resides in their resilience or higher resistance to human or non-human disturbances such as 

wildfires or insect and pathogen outbreaks. All of this results in a better adaptation to the 

global change and for this reason close-to-nature mixed forests are receiving more attention at 

present than far-from-nature monospecific forests. In addition, the higher productivity of 

mixed forests eventually supports higher levels of economical and socio-cultural forests 

goods and services, improving multiple ecosystem services (Maestre et al., 2012). 

Besides productivity, another important aspect of Mediterranean forests is their major role in 

protecting soil, stabilizing slopes and reducing water runoff (Scarascia-Mugnozza et al., 

2000). In this regard, soils in mixed forests are less exposed than in pure forests (Auclair et 

al., 2012), improving soil protection. Moreover, the main condition promoting natural 

evolutionary processes and ecological stability in protection forests is a diverse composition 

of species with sufficient natural regeneration and an optimal forest structure (Dorren et al., 

2004). 

1.2. SPEED OF CLIMATE CHANGE AND NATURAL REGENERATION: 

PHYSIOLOGICAL OPTIMUM NICHES  
 

The climatic limits on species distribution (climatic niches) are defined by the combinations 

of temperature and precipitation conditions where a species can occur (Bonetti and Wiens 

2014). In recent times, the use of climatic conditions to describe a species’ niche has become 

central to many ecological research, especially at a regional scale where environmental 

conditions are largely defined by climatic variables (Joyce and Rehfeldt, 2013). Over the 

current century, the speed of climate change is expected to exceed the ecological amplitude 

for adaptation of many tree species, eventually leading to variations in their contemporary 

distribution range (Kramer et al. 2000; Joyce and Rehfeldt 2013) as a response of tracking 

their climatic niches (Heap et al. 2014). A clear example is the altitudinal upward shift of 

forest plant species in order to reach suitable conditions (Ruiz-Labourdette et al., 2012).  
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The impact of climate change is likely to vary from one region to another. However, the 

Mediterranean Basin is expected to be seriously affected because it is a transition area 

between Euro-Siberian and Saharo-Sindic climatic regions and because the expected 

intensification of droughts and forest fires (Palahi et al. 2008). 

Predictive models suggest a high turnover in species and in community composition under 

future climate scenarios in the Iberian Peninsula. In this regard, typical Mediterranean species, 

composed by sclerophyllous evergreen (Quercus ilex, Quercus suber or Quercus faginea) and 

Mediterranean conifers (Pinus pinaster, Pinus pinea, Pinus halepensis) are predicted to be 

more resistant to summer droughts than forests composed of marcescent species and sub-

Mediterranean conifers (Quercus pyrenaica, Quercus pubescens or Pinus nigra). Thus, 

predictions for the Iberian Peninsula highlight smaller overall reductions in areas occupied by 

Mediterranean species than other forest types (Benito Garzón et al., 2008). However, in spite 

of this forecast, the future of some particular mixed forests composed by typical 

Mediterranean species, subjected to strong changes in land uses is still unclear. 

The Mediterranean region, already characterized by high temperature, extended drought 

periods in summer and irregular rainfall, is expected to increase the mean annual temperature 

around 2-3ºC before 2050 (Christensen et al. 2007 Regional Climate projections IPCC; Figure 

1), although the most abrupt climate change is expected in summer. 
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Figure1.1. Estimated variation in temperature (top) and precipitation (bottom) in the Mediterranean 

region and Europe referred to current values and expressed as annual mean variation, winter months 

variation (DJF) and summer months variation (JJA). Extracted from Christensen et al. (2007). 

 

Furthermore, recent research suggests that climate change will result in extreme inter-annual 

variability in terms of heat and cold waves (Rigby and Porporato 2008), and an increase in 

average intensity of rainy events but decrease in frequency mainly during spring and summer 

months (Bussotti et al., 2014). These extreme drought events together with a huge variability 

can have a great ecological importance in tree species survival (Kreyling 2010).  

Assessing the impact of climate change in Mediterranean environments requires a conceptual 

differentiation between trends in average conditions and changes in the unpredictable short-

term events. In this regard, although higher temperature in summer in parallel with longer 

drought periods may endanger tree survival, attention must also be paid to the effect of 

unexpected frost events outside the expected cold period i.e. early fall or late spring. Frost 

events can lead to death of plants if they are not entirely acclimated to freezing temperatures, 

with a decisive effect on species composition and forest dynamics, especially in those inland 
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Mediterranean forests where weather is not softened by the sea conditions (Pardos et al. 

2014). 

The complex process of natural regeneration is a key aspect to take into account when 

assessing the impact of climate change in Mediterranean mixed forests. It provides insight 

into the succesional dynamics and how succession varies geographically (McCaughey and 

Tomback, 2001). By means of this process, the losses of trees are compensated by young 

plants which eventually are recruited into the adult population. The process includes several 

phases. If the seed stage is successful, which means to fulfill the steps of seed initiation, 

development, maturation and germination, then the seedling phase can take place. During the 

seedling phase there is high mortality due to intensive competition. Survivors pass to the 

sapling phase where trees experience an intensive growth in height and reach the overstory 

canopy. Eventually, the maturity phase is reached with the onset of reproduction (Borghetti 

and Giannini, 2001).  

The scientific community is working in-depth together with forest managers in order to find 

silvicultural treatments to assure stability and natural regeneration in many forests in the 

Mediterranean region which are experiencing changes in species composition because of the 

interacting effect of changes in forest uses and climate change (Scarascia-Mugnozza et al., 

2000). 

From an ecophysiological perspective, in addition to the global change, variations in the 

microenvironmental conditions can have a stronger influence on the physiological 

performance of seedlings than in the adult phase. In this regard, a simple variation in the 

canopy structure determines changes in the availability of resources such as light, soil 

temperature, air temperature, water, nutrients or wind, in such a way that seedlings have to be 

able to grow under a broad range of climatic conditions for a successful establishment. When 
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environmental conditions vary in a plant community, complex interactions between species 

arise such as competition for resources, or conversely, depending on the succesional stage, 

facilitation i.e. nurse plants which provide protection for seed germination and seedling 

establishment (Gomez-Aparicio et al., 2006).  

In this regard, the seedling's responses to light are strongly related to the succesional stage of 

the plant community and vary between species. Seedlings need a minimum level of light 

irradiance to maintain a positive carbon balance (Marañon et al., 2004). However, they can 

also suffer from photoinhibitory symptoms if direct solar radiation reaches very high levels, 

decreasing the net carbon gain (Valladares et al., 2005). On the other hand, high irradiance 

levels lead to increases in temperature and consequently, higher water evapotranspiration. If 

water availability is low and the evapotranspirational demand is not affordable, then 

physiological traits related to water movement and carbon fixation, such as stomatal 

performance, photosynthesis rates, leaf water potential, turgor of leaf cells and xylem water 

transport capability may be affected. Regarding the exposure to low temperatures and frosts, 

this kind of stress may also cause damage to the photosynthetic apparatus (Vogg et al., 1998; 

Langvall and Örlander, 2001), which in turn, can result in photoinhibition. 

To cope with all these stress factors and/or disturbances, plants exhibit different physiological 

strategies and/or reproductive strategies (resprouting vs obligate seeder), which are specific to 

each species. In this regard, plants can display a tolerant strategy against different factors, for 

instance drought, low-light environment, high irradiance, frost events, high temperature, 

wildfires or wind, and eventually assimilate CO2 under a particular situation. While other 

species use avoidance strategies that eventually involves the suppression of CO2 assimilation 

(Baquedano and Castillo, 2007). In terms of water use strategies, some species depict an 

anisohydric strategy (related to drought tolerant behaviour) with xylems resistant to 

cavitation, thus allowing the stomatal regulation of gas exchange to extend much further into 
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the drought (these species also tend to have lower maximum conductivity under favourable 

conditions). Whereas other species avoid low negative water pressure in the xylem and 

consequently cavitation adopting isohydric stomatal control (related to drought avoidance 

behaviour), thus closing stomata and suppressing CO2 assimilation.  

The regeneration niche of a particular species was a concept introduced by Grubb (1977), 

defined as all the requirements for successful replacement of one generation with the next. 

This is an interesting concept since it includes all physiological, morphological and 

architectural traits exhibited by each species to cope with the environmental heterogeneity, 

taking into account all the ecological factors (abiotic and biotic) which affect selection at the 

seedling stage and thus limit the regeneration of the population (Broncano et al., 1998; 

Marañón et al., 2004; Poorter, 2007). However, this concept is an evolution of previous 

proposals about the species' niche formerly formalized by Grinnell (1917) and expanded by 

Hutchinson (1958). Although the concept of niche has been used in several ways, its core is 

based on the variation of the performance of a particular species with factors such as light, 

water, temperature and nutrients. Thus, the physiological niche of a species (also called 

fundamental niche) includes the hyperspace defined by plotting its tolerances on each of these 

orthogonal factor axes (Hutchinson, 1958). The best performance occurs in a smaller 

hypervolume where conditions are optimal for all factors. When excluding from the 

hypervolume that constitutes the physiological niche factors such as competition, predation, 

wildfires, winds or avalanches, the resulting hypervolume is called realized niche (Tomback 

et al., 2001). 

 

1.3. MIXED STONE PINE-HOLM OAK-PRICKLY JUNIPER FORESTS IN THE 

IBERIAN PENINSULA: THE STUDY AREA 
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As mentioned before, Mediterranean ecosystems have been subjected to a long historical 

human influence. Tree species such as Pinus pinea, Cupressus sempervirens or Castanea 

sativa have been introduced and their distribution range extended since the Greco-Roman 

period, resulting in an expansion of their natural distribution range and often reaching the 

status of "naturalized forests" (Ferrise et al., 2013). Traditionally, Mediterranean forests have 

provided a large variety of resources besides timber and firewood. They include food for 

humans and animals, gums, resins, dyes, medicines, cork and aromatic plants. In many of 

these cases, revenues from such products exceed the value of wood.  

In the study area, the forest management has been historically focused on stands dominated 

by over-mature productive Pinus pinea trees for pine nut extraction, and secondary forest uses 

such as timber production, firewood extraction from Quercus ilex or forage. However, 

nowadays, the forest uses have changed, particularly the extraction of firewood from Quercus 

ilex, a practice which has been gradually abandoned. This fact, together with the decrease in 

silvicultural interventions, increased grazing and recurrent forest fires, has led to a greater 

presence of Quercus ilex and Juniperus oxycedrus (Lacambra et al., 2013) to the point where 

they are considered codominant species.  

These three tree species have a similar life form and habitat range; however their reproductive 

strategies are different. In this regard, an obligate seeder species such as Pinus pinea coexists 

in stands with Quercus ilex which is also capable of recovering from adverse environmental 

conditions through resprouting from roots and/or stem, thus occupying a so-called 

‘persistence niche’ (Bond and Midgley, 2001). Although Juniperus oxycedrus shows 

resprouting ability, it is rather limited in central locations of Spain (Pausas et al. 2009) 

compared to that of Quercus ilex. All these features confer a characteristic mixed stand 

structure, where Quercus ilex is often present as a shrub, occupying large areas in the form of 

a chaparral-type understory rather than trees.  In addition, although the stands have evolved 



CHAPTER 1. General introduction 

11 
 

into an irregular structure, the scarce silvicultural management applied together with problems 

related to the establishment of seedlings due to long drought periods and severe summer heat 

(Calama and Montero, 2007) are endangering the success of natural regeneration. 

The three species under study are typically Mediterranean, and are broadly distributed 

throughout the Mediterranean region, however when they coexist in the Iberian Peninsula 

(Figure 1.2) they are limited to inland and mountain locations (Castro 1997).  

 

Figure 1.2. Distribution and provenance regions of Juniperus oxycedrus (a), Quercus ilex (b), Pinus 

pinea (c) and study area (d). Source INIA. 

 

All the sample collection and seedling monitoring described in chapters 1 and 2 were carried 

out in forest stands from the Tiétar and Alberche Valleys (Figure 1.2d), exclusively 

dominated by these three species. To achieve the aims of Chapter 1, two plots were 

established at 800 m above sea level on terrain with gentle slopes (around 12%) and uniform 

(a) (b) 

(c) (d) 
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aspect. The understory was composed of shrub species such as Cistus ladanifer, Rosmarinus 

officinalis and Helichysum stoechas.  The collection of the samples used in Chapter 2 was 

also carried out in the same forest stands (Figure 1.2 d and 1.3). Seed material used in Chapter 

3 came from different regions of precedence. Juniperus oxycedrus came from two different 

regions RIU 16 ‘Paramos del Duero Fosa de Almazan’ and RIU 26 ‘Serranía de Cuenca’ 

while Pinea pinea and Quercus ilex came from RIU 28‘Cuenca de Madrid’. 

Figure 1.3. Study forests 

The climate in the study area is continental Mediterranean, characterized by hot summers with 

an extended and pronounced drought period, while winters are cold and relatively wet (Figure 

1.4).  Thus, the most influencing ecological factors on seedling growth in this area are water 

and light availability together with extreme temperatures (Pardos et al., 2005). 
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Figure 1.4. Climatic data for the study area corresponding to average monthly values from 1997 to 

2011. Data belong to 4 meteorological stations scattered over the study area. Dotted, dashed and solid 

lines represent maximum, mean and minimum temperatures, respectively. Vertical bars represent 

mean monthly total precipitation. 

 

According to the climate conditions in the study area, the physiological niche of these species 

is mainly constrained by the summer drought, where a high evaporative demand takes place 

because of the heat, concurrently with low water availability and high sunlight radiation; but 

also by the relatively cold winters. Both periods involve low photosynthetic rates (Pardos et 

al., 2010).  

The resilience of seedlings to stress factors such as heat or cold waves and prolonged drought 

periods is determined by their frequency, duration and their interactions, and its impact can 

lead to shifts in vegetation composition. The main challenge in stone pine-holm oak-prickly 

juniper forests is to learn how carbon uptake and growth in species and communities will 

respond to these changes, and how forest management strategies can be adapted to soften the 

negative impacts of climate change on forests (Sabaté et al. 2002).  
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1.4. DEFINING THE EFFECT OF CLIMATIC CONDITIONS ON REGENERATION 

AS A TOOL TO PREDICT VARIATIONS IN MIXED FORESTS 
 

Assessing the effect of climate change on the future species composition in the Mediterranean 

forests requires the understanding of the current geographic distribution of the species. 

Successful modelling of physiological processes under current climatic conditions is required 

to predict the limits of the potential species distribution. Given the uncertainty of the changing 

climate, modelling approaches based on climatic variables may provide a useful tool to 

estimate the status of regeneration under a range of environmental conditions (Markos and 

Kyparissis, 2011)   

Empirical or semi-empirical mathematical models can describe the effect of climate on the 

physiological performance of regeneration and thereby allow us to determine not only the 

optimum physiological niche for regeneration of the species as a result of climate change 

(Calama et al., 2013), but also the breadth of the niche. Additionally, if comparing species, 

these types of models can also be used to identify the width or narrowness of a species niche 

in a plant community. Physiological processes can be described by numerous models that 

vary in nature and complexity, ranging from empirical models such as the non-rectangular 

hyperbolic model of photosynthesis of Johnson and Thornley (1990), to mechanistic models 

such as the Rubisco kinetic model of Farquhar et al., (1980). Empirical models can usually fit 

the data better than mechanistic models because they are not constrained by scientific 

assumptions (Thornley 2002).   

Models that describe the acclimation pattern to increasingly harder climatic conditions such as 

cold, not depending on underlying physiology, can also be useful in defining the climatic 

niches where species can exist, and in comparing degrees of tolerance to climatic conditions 

between co-occurring species (Poirier et al., 2010). This is especially important in mixed 
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stands since it allows the identification of critical moments where competition between 

species can arise. 

In addition to modelling the influence of environmental variables on regeneration 

performance, greenhouse experiments give information about aspects of the whole plant 

functioning which would be challenging to determine under field conditions. In this regard, 

ecophysiological traits related to resource uptake and utilization such as gas exchange, root 

structure and function, biomass allocation and growth, directly influence plant growth and 

eventually plant survival (Ackerly et al., 2000).  

1.5. AIMS OF THE THESIS AND STRUCTURE 
 

The process of natural regeneration in stone pine-holm oak-prickly juniper forests from 

central Spain has been affected over the last several decades by important changes in land use 

in addition to the anthropogenic climate change. The aim of this thesis is to improve the 

conservation and understanding of Mediterranean mixed forests dynamics by defining the 

optimum niche for the regeneration of these coexisting species subjected to continental-

Mediterranean climate. For our purpose, we have used an ecophysiological perspective 

without taking into account a genetic adaptive response of the populations. We have studied 

the effect of the main abiotic factors endangering regeneration in the area: temperature, water 

availability and light environment, which in turn are the main drivers derived from changes in 

climate and land use. 

In chapter 1 we address the effect of micro-climatic conditions in the field on seedlings' 

physiological performance. We monitored the physiological status of natural regeneration of 

the three coexisting species over 1 year. In this Chapter, our aims were to model the 

photosynthetic response of plants to micro-climatic conditions and to study the interacting 

effect of drought, high temperature and light environment on seedling performance. We 
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investigated the relationship between different photosynthetic performance and the species-

specific strategies to cope with environmental stress (stress tolerant or avoiders). We define 

the optimal light environment and the regeneration niche to maximize carbon assimilation for 

each species. 

In order to complete the understanding of the temperature effect on natural regeneration of 

stone pine-holm oak-prickly juniper forests under a scenario of climate change, we conducted 

a complementary experiment to determine and model of low temperature tolerance (Chapter 

2). Here, we investigated seasonal variations in frost tolerance of the three species from 

samples collected in the field under natural conditions. In this chapter we assess seasonal 

inter-specific differences in frost sensitivity or tolerance. For our purpose we applied the 

relative electrolyte leakage method (REL) to estimate the frost tolerance of these species after 

conducting a frost tolerance test in laboratory. We explored the REL relationship with 

environmental variables impacting frost acclimation/deacclimation, i.e., absolute minimum 

and maximum temperatures and photoperiod. Finally, we built a REL model to predict 

seasonal variations in REL performance by means of which we simulated REL through a 2-

year period, defining seasonal bottlenecks in which the dynamics of regeneration can be 

affected by frost events.  

In chapter 3 we evaluate the whole plant response to water availability by means of a 

greenhouse experiment. This is done in order to gain a clearer understanding of the trade off 

between carbon assimilation and water conservation. To address this aim we examine inter-

specific differences in physiology, morphology, biomass allocation and root architectural 

traits and their relationship with water use strategies in current year seedlings of the three 

species, subjected to two watering regimes. In this chapter we also assess radial variations in 

stem diameter as a result of growth but also as a result of daily swelling and shrinkage. 
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Overall, we attempt to define the optimal environmental conditions where each species 

exhibit the best performance, and the specific conditions where competition between species 

can arise. 
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CHAPTER 2   
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Data: 

 12 plants per species 

 3 species 

 2 plots 0.48 ha 

 3 moments of measurement (predawn, morning and midday) 

 10 measurement dates  

Variables: gas exchange, leaf water potential, photochemical efficiency of PSII, GSF, SOIL, soil 

water content, temperature. 

Analyses: 

 RMANOVA with two of each physiological variable 

 Parameterization of the photosynthetic model of Thornley 

 Relationship between estimated parameters and environmental variables 

 Expansion of estimated parameters as a function of GSF, soil water content and 

temperature  

 Simulation of photosynthesis rate 

Key findings: 

P.pinea showed a great sensitivity to water availability. It was the species which exhibited the 

highest photosynthetic capacity, however, it can only be attained when the soil moisture content 

is close to field capacity and temperatures are not high. Q.ilex was the most light-demanding and 

drought-tolerant of the species. Under a high-light environment J.oxycedrus reaches higher 

photosynthetic rates than P.pinea. Competition between species will arise when GSF is around 

0.5. Higher GSF will favour Q.ilex. 
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Specific aims:  

 Modelling the photosynthetic responses in 

natural regeneration of three coexisting species 

as a function of environmental parameters (light 

environment, water availability and 

temperature). 

 Defining the optimal regeneration niche for the 

maximization of the net photosynthesis rate. 

 Estimating seasonal variations in physiological 

variables. 

 Degree of tolerance  
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Abstract 
 

The composition of Mediterranean forests is expected to vary with ongoing changes in 

climate and land use. To gain a clearer understanding of the response to global change of 

growth and survival during regeneration it is necessary to take a closer look at the 

ecophysiological traits underlying seedling performance. Gas exchange, leaf water potential, 

chlorophyll fluorescence, soil moisture, temperature and global site factor were measured 

over one year in naturally regenerated young trees of three coexisting species (Pinus pinea, 

Quercus ilex and Juniperus oxycedrus) in two stands of different density. We modelled the 

photosynthetic response of plants to micro-climatic conditions via the parameterization of the 

non-rectangular hyperbolic model of photosynthesis, which relates gross photosynthesis to 

incident light through three biochemical parameters, and the subsequent expansion of these 

parameters as a function of environmental variables (light environment, soil moisture and 

temperature). We investigated the relationship between different photosynthetic performance 

and the species-specific strategies to cope with stress (stress tolerant or avoiders). The optimal 

light environment, defined through the global site factor (GSF), and the regeneration niche to 

maximize carbon assimilation differed between the three species. P.pinea showed high 

sensitivity to water availability in agreement with a drought avoidance strategy, attaining the 

maximum photosynthetic capacity of the three species following the spring rainfall. Q.ilex 

was the most thermophilic and light-demanding of the species. Under high light conditions, 

J.oxycedrus was more drought tolerant and displayed higher net CO2 assimilation than 

P.pinea over the course of a growing period. Optimal locations for P.pinea regeneration are 

below-crown environments, while for J.oxycedrus regeneration the optimal locations are open 

gaps. Q.ilex regeneration occupy open gaps where the other two species are unable to 

establish themselves because of excessive light, temperature or very low water availability. 
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Competition between species will occur under a canopy gap fraction of 0.5. Higher GSF 

values will exclusively favour the regeneration of Q.ilex. 

 

Keywords: Regeneration niches, net assimilation rate, pine-holm oak mixed stands, juniper, light environment, 

non-rectangular hyperbolic model 
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2.1. INTRODUCTION 

Mediterranean mixed forests have been subjected to important changes in recent years not 

only in terms of climate but also land-use (Valladares et al. 2004). These changes have an 

impact on the complex process of forest regeneration. All physiological, morphological and 

architectural traits exhibited by each species to cope with the environmental heterogeneity 

determine its regeneration niche. The geographical dimensions of the regeneration niches are 

constantly changing and are closely linked to climate. An example is the altitudinal upward 

shift of forest plant species in order to reach suitable conditions (Ruiz-Labourdette et al. 

2012).  

The environmental factors that most influence seedling growth and survival in Mediterranean 

ecosystems are water and light availability together with extreme temperature (e.g., Pardos et 

al. 2005). In this regard, the more prolonged and intense drought periods in the summer, 

combined with high irradiance and high temperature expected in the future (IPCC 2007), may 

induce serious restrictions on the establishment of plants (Breda et al. 2006). In addition to 

summer stress, cold winters combined with high irradiance are expected to be equally limiting 

factors, causing photoinhibition (Martinez-Ferri et al. 2004; Fellows and Goulden, 2013; 

Pardos et al. 2014).  

In mixed forest, different strategies (tolerance or avoidance) are adopted by each species to 

cope with stress conditions. For instance, under the same degree of drought, some species 

depict an anisohydric strategy, their xylems being resistant to cavitation, thus allowing the 

stomatal regulation of gas exchange to extend much further into the drought. These species 

also tend to have lower maximum conductivity under favourable conditions (West et al. 

2008). Other species avoid low negative water pressure in the xylem and consequently 
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cavitation adopting isohydric stomatal control, thus closing stomata and suppressing CO2 

assimilation (Baquedano and Castillo, 2007). In addition, coexisting species with similar life 

form and habitat range, may also have different reproductive strategies (Grubb, 1977).  This is 

the case of seeder species versus resprouting species, which are capable of recovering from 

adverse environmental conditions through resprouting, thus occupying a so-called 

‘persistence niche’ (Bond and Midgley, 2001). 

Photosynthetic models can describe the effect of environment on the physiological 

performance of plants during regeneration and thereby allow us to determine the 

physiological regeneration niches of species under current and changing climate scenarios 

(Calama et al. 2013). Photosynthesis can be described by numerous models, varying from 

pure empirical models which do not depend on underlying physiological processes and 

constrained expandability (e.g. Stegemann et al. 1999) to very complex mechanistic models 

where photosynthesis is defined through a network of submodels describing biochemical 

processes (e.g. Kirschbaum et al. 1998). Semiempirical models provide an intermediate 

option, defining photosynthesis according to a mathematical description of a single 

biochemical process. The non-rectangular hyperbola (NRH) model of photosynthesis 

(Marshall and Biscoe, 1980; Thornley and Johnson, 1990) or the more complex and popular 

Rubisco kinetics based model (Farquhar et al. 1980) belong to this latter group. These models 

exhibit a sound physiological basis, can be easily fitted to gas-exchange measurements and 

show desirable mathematical properties such as inflection and maximum-minimum points. 

While the models based on Farquhar, von Caemmerer and Berry (1980) equations allow for a 

better understanding of the mechanisms related to photosynthesis, they require empirical 

calculation of species-specific photo- and bio-chemical parameters which are subjected to 

environmental control. However, the NRH model, describing photosynthesis by a single 

equation can be more useful for comparing photosynthetic light response curves under 
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growing conditions with numerous variables (Gomez-Aparicio et al. 2006; Aspinwall et al. 

2011; Mengistu et al. 2011;  Xu et al. 2014). 

Although the response of photosynthesis to environmental conditions has been  widely 

studied in different species (mainly under controlled conditions), more attention need to be 

paid to the combined effect of the main abiotic stress factors that determine the photosynthetic 

rate under natural field conditions (Markos and Kyparissis, 2011, Calama et al. 2013), 

namely, light availability, soil moisture and temperature, which in turn define the regeneration 

niche of each species (Marañón et al. 2004; Gómez-Aparicio et al. 2006).  

In the present work we propose to analyse the photosynthetic performance of three species 

coexisting in Mediterranean mixed forests that differ in their strategies for coping with 

drought and in their preferred light environment. These species are Pinus pinea L. (stone 

pine), Quercus ilex L. (holm oak) and Juniperus oxycedrus L. (prickly juniper). While Q.ilex 

and J.oxycedrus are described as drought-tolerant species (Baquedano and Castillo, 2007; 

Willson et al. 2008), P.pinea is described as a drought-avoidant species (Pardos et al. 2009). 

Furthermore, P.pinea and J.oxycedrus have been described as shade demanding in the first 

stages of development (Manso et al. 2104), while Q.ilex is able to perform adequately in sun 

exposed areas, although drought can decrease seedling survival in this light environments 

(Perez-Ramos et al. 2013). Finally, the resprouting character of Q.ilex which provides with 

deep-root system for the regeneration could confer an advantage with respect to the other two 

species.  

Our aims were (1) to parameterize the NRH model for each of the main species coexisting in 

typical Mediterranean forests in order to describe and predict the effect of different 

environmental factors on the photosynthetic capacity of young trees; and (2) based on the 

model fits, to define the optimal regeneration niche in mixed stands in central Spain for the 
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maximization of carbon assimilation in each species. The hypotheses to be tested were (i) the 

differences in the spatiotemporal pattern of photosynthetic response among species were 

linked to their specific seasonal responses to environmental stresses (Q.ilex and J.oxycedrus, 

drought-tolerant strategies; P.pinea drought-avoidant strategy); (ii) observed specific patterns 

of photosynthetic response were in accordance with other observed physiological traits and 

the previously described natural regeneration dynamics;  (iii) among the three species, Q.ilex 

would be the most competitive under the expected climate change scenario because of its 

resprouting capacity and its drought tolerance; (iv) the photosynthetic performance of  

plants during an optimal  growing period  (i.e.  less severe climatic conditions and optimal 

light growth environment) will be better for a stress avoidant species such as P.pinea than 

for species better adapted  to cope with adverse climatic conditions. 

 

2.2. MATERIAL AND METHODS 
 

2.2.1. Study area 
 

Our study was set up in two mixed-forest stands co-dominated by three typical Mediterranean 

species: Pinus pinea, Quercus ilex and Juniperus oxycedrus. These forests have traditionally 

been managed for the production of pine nuts, hence, the silvicultural intervention has been 

oriented towards achieving regular stands, exclusively dominated by over mature, productive 

P.pinea trees. However, in recent decades the forest uses have changed, and the decrease in 

silvicultural interventions, increased grazing and recurrent forest fires have led to a greater 

presence of Q.ilex and J.oxycedrus (Jovellar et al. 2013) to the point where they are 

considered codominant species. Q.ilex is often present as a shrub, occupying large areas in the 

form of a chaparral-type understory rather than as a tree. The two 0.45 ha (90 x 50 m
2
) plots 

were set up in the Tiétar and Alberche Valleys, central Spain:  Hoyo de Pinares (40º 29' 7.6" 
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N, 4º 19' 34.66" W) and San Martin de Valdeiglesias (40º 20' 22.34" N, 4º 22' 3.83" W), 800 

m above sea level, on sandy soils and gently sloping terrain (around 12%). The plots were 

selected because between the two they covered all the possible range of microenvironmental 

conditions for the plants; more intensive silviculture had been applied in stand 1, while stand 

2 is denser and has more intense grazing by goats (Table 2.1).  

Table 2.1 

Dasometric features for the tree species in the two plots used. 

  P. pinea Q. ilex J. oxycedrus Total 

Plot 1 2 1 2 1 2 1 2 

D (N/ha) 118 173 64 24 64 47 9.05 20.3 

BA(m
2
/ha) 8.85 19.8 0.08 0.15 0.12 0.32 20.3 47.2 

CC (%) 19.1 46.1 1.76 2.15 1.07 2.47 247 244 

DBH (cm) 25.3±2.4 37.2±0.9 2.52±0.6 8.41±0.9 2.39±0.8 7.94±1.0 13.5±1.6 28.8±1.4 

DH (m) 7.31 11.7 2.62 4.63 2.18 3.89 5.1 9.47 

 

D: Stand density; N: number of stems; BA: Basal Area; CC: Canopy Cover; DBH: Mean Diameter at Breast 

Height ± stderr; DH: Dominant Height 

 

The climate in the area is characterized by hot summers and pronounced, extended drought 

periods, while winters are relatively cold and wet (Fig. 2.1). The shrubby understory was 

composed of species such as Cistus ladanifer, Rosmarinus officinalis and Helichrysum 

stoechas.   
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Fig. 2.1 Meteorological data during the study period in plot 1. Tmax:  monthly maximum temperature; Tmin: 

monthly minimum temperature and Tmean: monthly mean temperature; Precipitation: monthly precipitation 

 

2.2.2. Physiological and microclimatic measurements 
 

We measured the net photosynthetic rate (An, mol CO2 m
-2

 s
-1), temperature of the leaf 

chamber (T, ºC), transpiration rate (E, mmol H2O m
-2

s
-1

) and stomatal conductance (gs, mmol 

m
-2

 s
-1

) using a portable photosynthesis system LcPro (ADC BioScientific Ltd., UK). The 

LcPro also automatically recorded the photosynthetically active radiation incident on the leaf 

at each recording. Gas exchange measurements were carried out under natural field conditions 

i.e. conditions matched those outside the chamber. During the whole period, the average value 

(and 5-95 percentiles) observed was: incident light (797 mol m
-2

 s
-1

, 59-2199), atmospheric 

CO2 (389 ppm, 371-425), temperature (26.3 ºC, 12.6-37.9, vapour pressure deficit (2.6 kPa, 

0.7-5.3) and soil volumetric water content (9.9%, 1.8-24.0). Gas exchange measurements 

were recorded during the experiment on the same 96 plants. We chose 16 plants per species 

(P.pinea, Q.ilex and J.oxycedrus) in each plot, taken from two height classes (8 plants per 

class and species): from 20 to 50 cm height (regeneration) and from 50 to 130 cm (advanced 

regeneration). Class limits were set to clearly define a representative sample of the whole 
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range of heights, and the limit of 130 cm was established on the basis that at this height the 

species have reached a higher stage of development (P.pinea plants over 1.30 m have almost 

completely lost their juvenile needles and therefore are no longer considered saplings). Within 

each height class, plants were selected such that all the light environments found within the 

plots would be covered. Measurements were taken on 10 dates between September 2010 and 

October 2011 (plot 1: Sep15-10, Oct19-10, Jan18-11, Apr27-11, May24-11, Jun22-11, Jul27-

11, Sep6-11and Oct3-11; plot 2: Nov4-10, Jan25-11, Mar18-11, Apr26-11, Jun21-11, Aug1-

11, Sep5-11 and Oct11-11). On each date, leaf gas-exchange measurements were taken twice, 

morning (from 9:30 to 12:30 pm) and midday (from 13:00 to 16:00), on the same sun-exposed 

branchlets from the current year. We only selected branchlets with juvenile needles in the case 

of P.pinea. Gas exchange parameters were calculated on a projected leaf area basis. Leaf area 

was calculated on the measured branchlets harvested at the end of the measuring period. After 

scanning the leaves with a high-resolution scanner (EPSON expression 10000 XL), the 

projected leaf area of each branchlet was estimated using the image analysis software 

Winrhizo (needles) and Winfolia (leaves) (Regent Instruments Inc. Canada). We monitored 

the water status of all plants, measuring predawn and midday leaf water potentials (Ψ, MPa) 

with a pressure chamber (Scholander PMS 1000, Instruments Co, Corvallis, USA).  

The photochemical efficiency of photosystem II (Fv/Fm) (ΦPSII) was measured with a FMS2 

portable fluorometer (Hansatech, UK). Fv/Fm at predawn and midday in leaves after a 30-

minute dark-adaptation period. ΦPSII was measured in the morning and at midday. We also 

measured other environmental factors which affect the photosynthetic capacity of plants: soil 

moisture, light environment and temperature. Soil moisture (VWC, % volumetric moisture) 

was measured in the vicinity of every plant on each measuring date using a portable time 

domain reflectometer (TDR) equipped with three 18 cm rod probes (TRIME FM 3, IMKO, 

Germany). We estimated the light environment of each plant with hemispherical photographs 
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taken at the location of the selected seedlings. The photographs were taken once during the 

experimental period as there were no major canopy disturbances. From these images, the 

global site factor (GSF), proportion of global solar radiation at a given location relative to that 

in the open, was computed using Hemiview 2.1 software (Delta-T Devices, Ltd., Cambridge, 

UK). The photographs were taken above each plant, either at predawn or on cloudy days in 

order to avoid direct solar radiation and to correct the contrast between the canopy and the 

sky, using a fish-eye lens (FC-E8, Nikon). Apart from the measurements taken at the same 

time as the gas-exchange records, continuous recording of air temperature (20 cm above 

ground) and soil moisture (20 cm depth) was performed every 30-minutes using a HOBO 

micro-weather station (Micro-HWS, ONSET, Massachusetts, USA) installed at the center of 

each plot. 

 

2.2.3. Modelling net photosynthesis rate 
 

To model the relationship between the net photosynthesis (An, μmol CO2 m
-2

s
-1

) and incident 

light (Q, μmol m
-2

s
-1

) we used the non-rectangular hyperbolic (NRH) model of photosynthesis 

(Thornley & Johnson, 1990). The NRH model relates leaf gross photosynthetic rate (A) to the 

incident photosynthetically active radiation on the leaf surface (Q) through a light response 

curve defined by three parameters that have an ecophysiological basis and make mathematical 

sense: Amax, the maximum rate of gross photosynthesis at saturating irradiance, upper 

asymptote of the light response curve; α, the quantum yield of assimilation which is related to 

the photochemical efficiency, initial slope of the light response curve; and θ, dimensionless 

parameter linked to the carbon transport resistance, denotes the dimensionless convexity of 

the light response curve. In order to model the field-measured data of An, we added the rate of 
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leaf dark respiration (Rd, μmol CO2 m
-2

s
-
1 assimilation rate at irradiance zero) to the NRH 

model of photosynthesis, producing the following expression: 

      
 

  
                   

            
                     (2.1) 

 

2.2.4. Individual fit of the NRH model and estimation of parameters Amax and α  
 

In a first step, the model (2.1) was fitted separately to the data from each species, plot, 

measurement date and moment of measurement (morning/midday), resulting in 120 

independent light response curves (2 plots x 3 species x 10 dates x 2 moments) (Fig. 2.2). To 

carry out this preliminary fit, we assumed a constant value of 0.8 for θ (Anten et al. 1995; 

Hirose et al. 1997), and Rd as a quadratic function of the temperature (Rd = -0.00148T
2
) 

(Calama et al. 2013). Thus, for each fitted curve, a combination of parameters Amax and α was 

obtained, resulting in 107 combinations (convergence was not attained in 13 fittings). 
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Fig. 2.2 Three examples of the light response curves of An (lines), after fitting the NRH model to our data (black 

dots). EF: Modelling efficiency. (a) J.oxycedrus, plot 2, 2011, Mar18
th
, midday measurement, wet late winter 

conditions (average T: 23.5ºC, average VWC: 22.5%) parameter estimates Amax =3.80 μmol CO2m
-2

s
-1

and α= 

0.017. (b) P.pinea, plot 2, 2011, Sep5
th

, morning measurement, dry summer conditions (average T: 22.4ºC, 

average VWC: 5.3%), parameter estimates Amax=7.30 μmol CO2m
-2

s
-1 

and α= 0.006. (c) Q.ilex, plot 2, 2011, 

Jun21
st
, midday measurement, early summer conditions (average T: 37.3ºC, average VWC: 5.6%) parameter 

estimates Amax= 11.7 μmol CO2m
-2

s
-1 

and α= 0.009 . It should be noted that 2011 was a very dry year.  

 

2.2.5. Expansion of the parameters of the NRH model 
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Results from the preliminary fit were used to explore the relationships between the 

paramenters in the NRH model and the environmental variables. We explored the relationship 

between Amax and α with the environmental variables VWC and T by plotting each parameter 

estimated in the previous step against the environmental variables observed at that 

measurement time (Fig. 2.3). As long as there are no limitations to light or CO2 availability 

and conditions of stress do not cause stomatal closure or photoinhibition, An increases with 

temperature, although only up to a critical value which depends on the species. Similar 

behaviour is found with regard to photochemical efficiency α where a tendency to increase up 

to an optimum temperature is observed (Fig. 2.3).  

 

Fig. 2.3 Estimates of parameters Amax and α against environmental variables VWC and Tch, after initial fitting of 

NRH model to each separate inventory x moment x plot x species dataset 
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On the basis of these assumptions, we consider that the statistical dependence of Amax and α 

on T can be described by a quadratic parabolic curve (Battaglia et al. 1996; Holmgren et al. 

2011; Markos et al. 2011; Calama et al. 2013) where an optimal temperature value which 

maximizes both parameters is shown. We propose the expansion of Amax and α (eqs. 2.2 and 

2.3) through four new estimable parameters (p0, p1, p2 and p3): 

                     
 
                                              (2.2) 

               
 
                                                                (2.3) 

where Tref is an estimable parameter related to the temperature which maximizes Amax, and T 

is the chamber temperature at the moment of measurement.  

Soil moisture (VWC) is directly related to the water availability for plants (Denmead and 

Shaw, 1962). In theory, if low temperature is not a limiting factor, low values of VWC will be 

related to low values of Amax, while as a general rule, the highest Amax values will be shown at 

high VWC. We have introduced a modifier function of Amax, which is related exponentially to 

VWC through a new parameter (p4): 

                          
 
                                        (2.4) 

Light environment is expected to have a greater effect on Amax at saturating irradiance than on 

α (Gómez-Aparicio et al. 2006; Calama et al. 2013). We have only expanded the parameter 

Amax, using a new modifier function with a new parameter (p5), where the global site factor 

(GSF), whose value varies between 0 and 1, is included as a variable related to the growth 

irradiance environment reaching each plant (eq. 2.5). This function works as a modulator of 

Amax. An optimal value of GSF which maximizes Amax can be found for each species.  
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         (2.5) 

For the Rd expansion, we assume that its response to temperature is defined by an exponential 

function that includes a temperature coefficient (Q10), which represents the directly 

proportional variation in Rd when temperature changes 10ºC (Tjoelker et al. 2001). Although 

Q10 values are variable throughout the year, typical values of Q10 are around 2 (Rodríguez-

Calcerrada et al. 2012; Lin et al. 2012). We have set a value of 2.4 for our modelling approach 

in J.oxycedrus and P.pinea (Calama et al. 2013), whereas in Q.ilex it has been set to 1.7 

according to the estimated Q10 values obtained by Zaragoza-Castells et al. (2008) for this 

species.  

          
 
    

  
 
                                                      (2.6) 

Where     , at leaf chamber temperature T, is a function of p6, which represents Rd at 25 ºC 

and it is also an estimable parameter.  

 

2.2.6. Final models and simulations 
 

A model capable of predicting An for the regeneration was formulated for each species. For 

this purpose, Amax, α and Rd (eq. 2.1) were replaced by the expanded functions of these 

parameters (eqs. 2.3, 2.5 and 2.6) and eight new parameters were estimated or heuristically 

determined for each species (p0-p6 and Tref) by fitting the model to the data of An, T, Q, GSF 

and VWC recorded for each plant and moment of measurement. As in the previous step, we 

assumed a constant value of 0.8 for θ. Non-linear models for each species were fitted using 

Ordinary Least Squares technique, by applying the NLIN procedure of SAS®/STAT 9.2. In 

addition, we used the Gauss-Newton optimization algorithm to fit the final models. We used a 

heuristic procedure to estimate those parameters which restrained the convergence of the final 
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model or make no biological sense. This heuristic procedure involved using an identical 

model structure for the three species, minimizing the sum of squares error relative to the full 

set of climatic variables. For each model, we calculated the modelling efficiency EF (pseudo-

R
2 

for nonlinear models), mean error and associated level of significance and root mean 

square error to assess the goodness-of-fit. 

Once the new parameters of the complete model have been estimated, we can simulate 

different environment scenarios in order to predict An. We used the final models to simulate 

the interaction effect of the environmental variables (VWC and T) on the An for each species. 

We carried out the simulations, setting Q to 2000 μmol m
-2

s
-1

, along VWC and T gradients. 

From the simulations, we can identify which species is the most physiologically active in 

spring, and conversely, determine the most stressed species under limiting conditions (e.g. 

summer season).  

Additionally, we evaluated the performance of the models at eighteen real positions in plot 1, 

covering the whole GSF range found (from 0.22 to 0.93). We used 30-min data recorded for 

VWC, T and Q. Combined light-temperature sensors and HOBO Pendant® loggers were 

installed at each position. Continuous soil volumetric water content data were obtained from 

the meteorological station located at the centre of the plot. For the simulation, we considered 

the same VWC for all the positions. To support this decision, we made a preliminary analysis 

evaluating the effect of light environment on water availability at 18 cm, which revealed no 

significant differences in soil water content with the light environment (results not shown). 

We simulated the photosynthetic activity in dummy seedlings of each species sited at each 

position over a growing period (from 1
st
 March to 31

st
 October, 2012). The differences in the 

GSF between the eighteen GSF environments involved differences in the daily pattern of Q 

and T over the studied vegetative period. The analysed positions (GSF environments) were 

compared between species in terms of monthly net carbon assimilation rates. 
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2.2.7. Additional physiological attributes 
 

Leaf water potential, fluorescence of chlorophyll and soil moisture were analysed using a 

repeated measure two-way analysis of variance (ANOVA) to test the temporal effect of the 

species for these variables. We included the covariate incident light (Q) in the chlorophyll 

fluorescence analysis. We used the Tukey-Kramer post hoc test to compare species means. 

All the results were considered to be significant if P ≤ 0.05. We used PROC MIXED 

(SAS®/STAT 9.2) for the analysis and tested several covariance structures. 

 

2.3. RESULTS 

 

2.3.1. Model fitting  
 

We fitted the final model (eq. 2.7) for each species. Table 2.2 shows the results of the 

parameter estimates per species. Convergence was reached after 28, 41, and 17 iterations for 

J.oxycedrus, P.pinea and Q.ilex, respectively.  

 

   
 

  
               

                   
                

               

          
                    

                
         

 
            

     
                  

 
               

         

 

        
 
    

  
 
              (2.7) 
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For the heuristic determination of Tref in J.oxycedrus, we assigned values every one degree 

from 15 to 45ºC. The sum of squares error was minimized at 24ºC. In the case of Q.ilex, 

convergence problems for parameters p4 and p6 were found. In this case, we heuristically 

identified a combination of parameters p4 (related to soil moisture) and p6 (related to leaf dark 

respiration) which minimized the sum of squares error. However, the estimated values of p4 

and p6 involved a very low Amax dependence on soil moisture in Q.ilex compared to the other 

two species as well as minimum leaf dark respiration for this species. In P.pinea, convergence 

of the complete model was reached without the need for additional model tuning. 

Table 2.2 

Parameter estimates for the photosynthesis model. 

  Initial parameter Parameter  Estimate Std error LCL95 UPL95 

Ju
n

ip
er

u
s 

o
xy

ce
d

ru
s 

Amax p0 10.814 1.0928 8.6667 12.9624 

 

p1 -0.0268 0.00547 -0.0376 -0.0161 

 

p4 0.0192 0.00526 0.00889 0.0296 

 

p5 2.0961 0.2782 1.5492 2.6430 

 

Tref 24.0000 Heuristically determined 

Rd p6 -0.2300 0.1102 -0.4466 -0.0135 

α p2 0.0116 0.00171 0.0083 0.0150 

  p3 -0.00003 1.40E-06 -6.00E-05 -5.20E-06 

P
in

u
s 

p
in

ea
 

Amax p0 12.2008 1.6834 8.8922 15.5094 

 

p1 -0.0215 0.00667 -0.0346 -0.00835 

 

p4 0.0459 0.0070 0.0322 0.0597 

 

p5 3.5161 0.3179 2.8914 4.1408 

 

Tref 26.407 2.8068 20.8905 31.9236 

Rd p6 -0.3579 0.2371 -0.8239 0.1081 

α p2 0.0119 0.00233 0.0073 0.0165 

  p3 -0.00002 6.15E-06 -4.00E-05 -1.00E-05 

Q
u

er
cu

s 
il

ex
 

Amax p0 14.4226 1.5167 14.0872 20.0503 

 

p1 -0.0135 0.00668 -0.0329 -0.00668 

 
p4 0.0015 Heuristically determined 

 

p5 1.3242 0.3207 0.6938 1.9546 

 

Tref 35.5276 4.3593 26.9579 44.0973 

Rd p6 -0.0170 Heuristically determined 

α p2 0.0116 0.00168 0.00831 0.0149 

  p3 -0.00001 3.735E-06 -0.00002 -4.58E-06 

 

Amax: maximum CO2 assimilation rate (µmol CO2 m
-2

 s
-1

); Rd: leaf dark respiration (µmol CO2 m
-2

 s
-1

); α: 

photochemical efficiency (mol CO2 mol
-1

 light); Std error: standard errors; LCL95 and UPL95: Lower and upper 

limits of the confidence interval for the parameter estimates at a 95% significance level. 
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Goodness-of-fit statistics (Table 2.3) indicated highly significant unbiased predictions of the 

models for the three species, with percentages of total explained variability ranging between 

34% and 60%, and RMSE below 2.3 mol CO2 m
-2

s
-1

. Our results showed that instantaneous 

Amax is maximized at the specific reference temperature (Tref) estimated for each species: 35.5 

ºC for Q.ilex, 26.4ºC for P.pinea and 24 ºC for J.oxycedrus. Similarly, values of GSF 

maximizing Amax for each species (given by 1/p5) are 0.75 for Q.ilex, 0.477 for J.oxycedrus 

and 0.284 for P.pinea.  

Table 2.3  

Goodness of fit statistic. 

Species Mean Error p-value Ā obs Ā pred EF (%) RMSE 

Juniperus oxycedrus 0.0489 0.5957 2.0280 1.9791 34 1.9372 

Pinus pinea 0.0680 0.5257 2.3668 2.2988 60 2.2723 

Quercus ilex 0.0768 0.4786 2.6277 2.5508 34 2.1936 

 

Mean error (mol CO2 m
-2

 s
-1

); p-value: level of significance for the mean error; Āobs: observed average value 

for An (mol CO2 m
-2

 s
-1
); Āpred: predicted average value for An (mol CO2 m

-2
 s

-1
); EF: modeling efficiency; 

RMSE: root mean square error (mol CO2 m
-2

 s
-1

). 

 

Further analysis of the stomatal conductance (gs, mmol m
-2

s
-1

) and transpiration (E, mmol 

H2O m
-2

s
-1

) have also shown significant differences between species (P<0.0001), with higher 

values (mean±stderr) of both variables in Q.ilex during the summer months (gs=0.031±0.002; 

E=0.914±0.061) compared to P.pinea (gs=0.014±0.001; E=0.380±0.039) and J.oxycedrus (gs 

=0.015±0.001; E=0.408±0.039). These results suggest greater water availability for Q.ilex at 

deeper soil layers. 

 

2.3.2. Leaf water potential, chlorophyll a fluorescence, and soil moisture variations 
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The factor effect ‘tree species’ showed between-subject differences in all response variables 

except ing VWC (Fig. 2.4). The lowest predawn-Fv/Fm was measured in January (the coldest 

month), but there were no differences among species on this date.  Predawn-Fv/Fm was 

significantly lower in J.oxycedrus compared to P.pinea and Q.ilex on three summer 

measurement dates: Sep-2010 [Padj (P.pinea)=0.0439 and Padj (Q.ilex)=0.0282]; midsummer-

2011 [Padj (P.pinea)=0.0018 and Padj (Q.ilex)<0.0001]; and Sep-2011 [Padj (P.pinea)=0.0031 

and Padj (Q.ilex)<0.0001]. An interesting response of J.oxycedrus and P.pinea was identified, 

both showing the lowest midday-Fv/Fm under summer conditions, while Q.ilex reached the 

minimum value in winter (Fig. 2.4b). The midday-Fv/Fm was significantly lower in 

J.oxycedrus compared to the other species in the summer measurements: Sep-2010 [Padj 

(Q.ilex)=0.0282], mid-summer 2011 (all species differed from each other Padj<0.0001) and 

Sep-2011 [Padj (P.pinea)=0.0099 and Padj (Q.ilex)<0.0001] (Fig. 2.4b).   
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Fig. 2.4 Seasonal variations (mean±standard error)  in: maximum quantum efficiency of photosystem II (Fv/Fm) 

at predawn (a) and midday (b),  photosystem II quantum efficiency (ΦPSII) in the morning (c) and midday (d), 

soil moisture content (% v/v) at 18 cm depth (e) and leaf water potential Ψ (MPa x 10) at predawn (f)  and 

midday (g).  Note that predawn Ψ in January was not measured 
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Morning-ΦPSII, we found overall differences between J.oxycedrus and Q.ilex Padj<0.0188 (Fig. 

2.4c). Midday-ΦPSII in Q.ilex differed significantly from the other species in Sep-2010 Padj 

(P.pinea)=0.0375 and midsummer-2011 [Padj (P.pinea)=0.0004 and Padj 

(J.oxycedrus)<0.0001] (Fig. 2.4d). P.pinea and J.oxycedrus showed differences on several 

measuring dates in the midday-ΦPSII, highlighting seasonal variations in this physiological 

variable, while Q.ilex did not show differences. In Sep-2010, the decrease in ΦPSII from the 

morning to midday revealed different behaviour between species: Q.ilex was 28.2% lower 

ΦPSII, J.oxycedrus 43.7% and P.pinea showed the greatest decrease (66.7% lower). This trend 

was maintained by the three species under summer conditions. 

P.pinea exhibited the highest predawn and midday Ψ over the measuring period (Figs. 2.4f 

and 2.4g). J.oxycedrus showed the lowest midday Ψ of the three species on Sep-2010 (-

3.7±0.25 MPa), followed by Q.ilex on the same measuring date (-3.1±0.16 MPa). The lowest 

midday Ψ of P.pinea was shown at the end of Jun-2011 (-1.9±0.05 MPa). We found 

significant differences between J.oxycedrus and P.pinea in the predawn Ψ on six measuring 

dates (all Padj<0.0001), coinciding with the summer and autumn measurements (Fig. 2.4f). 

Q.ilex showed similar behaviour to that of J.oxycedrus on both the late summer measurement 

dates, differing significantly from P.pinea in both Sep-2010 and Sep-2011 (Padj<0.0001). 

However, Q.ilex displayed significantly higher Ψ than J.oxycedrus in autumn 2010 

(Padj=0.0460) and midsummer (Padj=0.0010). All the species differed from each other in 

predawn Ψ in June (all Padj<0.004) (see Fig 2.4f). Only in April did Midday Ψ not differ 

between species. On the rest of the measuring dates, P.pinea always differed from 

J.oxycedrus and Q.ilex (Padj<0.0001). All species differed from each other in the midday Ψ in 

midsummer (Padj<0.0001) (Fig 2.4g). 
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It should be mentioned that the physiological variables measured including gas exchange 

variables, with certain exceptions, showed no statistical differences between plots or height 

classes. 

2.3.3. Simulations and physiological regeneration niches 
 

Simulations under high irradiance (2000 μmol m
2
s

-1
) allow us to define the optimal 

environmental conditions under which the instantaneous assimilation rate is maximized and to 

analyse the interactive effect of soil moisture and temperature (Fig. 2.5). P.pinea is able to 

attain very high An, exhibiting the maximum expected value of 13.5 mol CO2 m
-2

s
-1

 

(confidence interval 8.9-18.1) under typical moist spring conditions (temperature 26 ºC, soil 

moisture close to maximum water holding capacity). J.oxycedrus, displays the maximum An 

under similar conditions although in this case the expected values are much lower 6.3 mol 

CO2 m
-2

s
-1 

(confidence interval 2.3-14.2).  In the case of Q.ilex, the maximum expected value 

of 5.6 mol CO2 m
-2

s
-1

 (confidence interval 1.1-10.1) is achieved under midsummer 

conditions (temperature about 35.5 ºC), with very little dependence on soil moisture at 18 cm. 

Under extreme temperatures (mainly coinciding with low soil moisture), both J.oxycedrus and 

P.pinea show a negative carbon balance, while, Q.ilex is able to cope with high T without 

exhibiting a negative carbon balance and maintaining high rates of assimilation. This is 

consistent with the An values observed in the field, where Q.ilex barely exhibited negative An 

and maximum assimilation rate values were observed under typical summer conditions. It 

should be noted that while the model for Q.ilex lead to unbiased estimates (which makes it 

highly reliable for predicting the cumulative assimilation rate over a whole period) it also 

resulted in low accuracy predictions for higher assimilation values.   
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Fig. 2.5 Contour plots representing the interacting effect of environmental variables (VWC and T) on An (mol 

CO2 m
-2

 s
-1

) reached by each species (An Qi; Quercus ilex; An Pp: Pinus pinea; An Jo: Juniperus oxycedrus) under 

high irradiance (2000 μmol m
-2

s
-1

) 

 

To verify and validate our models we plotted the observed field data of An against An-curves 

constructed using the models by including average VWC and T from the real dates of 
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measurement (Fig. 2.6). Q.ilex shows high variability in An irrespective of increase in VWC 

(from 2.2 to 17.5%) or Ψ. In contrast, the other two species show larger sensitivity to 

variations in VWC. 

 

Fig. 2.6 Light response curves of An modeled by entering observed values of soil moisture (VWC) and 

temperature (T) from measuring dates, plotted against observed field data (symbols: ● □ *). Each observed point 

represents the average for the observation taken on the measuring date in the morning (mr) or at midday (md) in 

a 200 mol irradiance class. Average T, VWC and midday leaf water potential Ψ (MPa) are shown for each 

condition 
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We applied the developed models at eighteen real points, covering the whole range of GSF, 

by entering real data for VWC, T and Q in 30-minute intervals. Thus, An was transformed into 

the An accumulated during each time interval and then summed up for each day of the 

growing period (Fig. 2.7). The total An at each location differed between species, especially in 

high GSF environments. Different patterns of total An along the GSF gradient were also found 

between species. In this regard, Q.ilex showed a steep increase in total An with GSF across the 

whole range, reaching a value of 31.0 ±1.0 mol m
-2

 in the highest GSF class (> 0.85). P.pinea 

showed an increasing-decreasing pattern of total An with GSF, showing the maximum value 

(16.2 ± 0.7 mol m
-2

) in the GSF class from 0.45 to 0.6. J.oxycedrus increases total An up to a 

GSF of 0.5, remaining more or less constant (close to 18 mol m
-2

) up to 0.9, and reaching the 

optimum GSF between these two values. The most efficient species at low GSF was P.pinea, 

while for GSF>0.35 Q.ilex was the most efficient.  

 

2.4. DISCUSSION AND CONCLUSIONS 
 

2.4.1 Ecological significance of the estimated parameters and the physiological variables 
 

Amax in Q.ilex is maximized at a temperature of 35.5 ºC. This temperature would appear to be 

relatively high when compared to the range of optimal temperatures given in the literature for 

photosynthesis in European oaks (10-35 ºC) (Daas et al. 2008; Yamori et al. 2013). However, 

similar studies concerning the effect of temperature on photosynthesis in young oaks (Dreyer 

et al. 2001), carried out using the biochemical model of leaf photosynthesis developed by 

Farquhar, von Caemmerer and Berry  (1980), highlight the fact that, in this species, both the 

maximum rate of Rubisco activity and the potential electron transport rate are maximized at 

temperatures similarly high. In accordance with a high Tref, under summer conditions, Q.ilex 

showed the highest values of maximum photochemical efficiency Fv/Fm at both predawn and 
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midday, close to the optimal value of 0.83 (Figs. 2.4a and 2.4b), indicating the absence of 

photoinhibitory stress, excess irradiance or water stress (Maxwell & Johnson 2000). 

Furthermore, minimal variations in Fv/Fm from predawn to midday during summer suggest a 

strong capacity for acclimation to high temperature in Q.ilex. In addition to the strong 

thermophilic character of Q.ilex, this species also displays the broadest thermal range in 

which the plants are able to assimilate CO2. The narrowest temperature range is exhibited by 

J.oxycedrus. This fact confers an adaptive advantage to Q.ilex over the two conifer species. 

The drought tolerant strategy of both Q.ilex (Baquedano et al. 2007) and J.oxycedrus (Willson 

et al. 2008; Jovellar et al. 2013), which is consistent with their more negative predawn and 

midday Ψ in the summer (Figs. 2.4f and 2.4g), implies that stomata can remain open, thus 

allowing a certain level of CO2 assimilation. Furthermore, Q.ilex showed a minimum 

disturbance in An throughout the measuring period irrespective of the low VWC measured at 

18 cm in the summer (Fig. 4e), revealing a notable acclimation capacity to drought. Our 

results are consistent with previous studies on stress tolerance under controlled conditions in 

seedlings of Q.ilex (Giméno et al. 2009), also displaying the highest An of the three species 

under summer stress conditions. In this regard, although under summer conditions the 

response of Amax in Q.ilex should not be affected by water deficit since non-stomatal 

limitations to photosynthesis are expected, we relate the general lack of dependence of Amax 

on soil moisture at 18 cm in Q.ilex to the different strategies adopted by the three species 

under water stress conditions and the regeneration strategy inherent to each species. Our 

results can be linked to the strategy of regeneration by resprouting from roots in Q.ilex, which 

provides an established, deep-rooted system for the regeneration. Q.ilex is able to obtain 

groundwater from deeper soil horizons in comparison to non-resprouting species (Ferrio et al. 

2003; Baquedano and Castillo, 2007), thus maintaining a better water status. This conclusion 

is supported in part by the less negative predawn Ψ. In this regard, predawn Ψ in Q.ilex 
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differed from the other two species, displaying an intermediate behaviour between 

J.oxycedrus and P.pinea in the summer (Fig. 2.4f), which points to a better water status in 

Q.ilex compared to J.oxycedrus. The highest predawn Ψ in Pinus pinea is explained by its 

strategy to induce stomatal closure under drought conditions. Conversely, our results revealed 

that for both P.pinea and J.oxycedrus, Amax is highly dependent on soil moisture. P.pinea in 

particular, exhibits rapid exponential growth of Amax with soil moisture, making it the most 

sensitive species to water availability. 

Photoinhibition caused by low temperature can be an important factor limiting photosynthetic 

activity in continental-Mediterranean ecosystems (Larcher, 2000). In this regard, our results 

revealed different responses of the species. J.oxycedrus differs from the other two species in 

that it exhibits almost null efficiency (α=0) at 4 ºC while this occurs at 2ºC in P.pinea, and at 

1.2ºC in Q.ilex. These results are consistent with the maximum photochemical efficiency of 

photosystem II (Fv/Fm). Low values of Fv/Fm provide an indication of photoinhibition caused 

by low temperature. In this regard, Q.ilex showed the highest predawn Fv/Fm of the three 

species in winter (0.74), followed by P.pinea (0.73) and J.oxycedrus (0.69) (Fig. 2.4a), 

although no significant differences between species were found on this measuring date. We 

conclude that J.oxycedrus is the species which is most affected by temperature, reaching the 

point at which CO2 assimilation stops before the other two species, both with rising and 

falling temperatures.  

2.4.2. Definition of the ecological regeneration niches of species 
 

In accordance with the simulations of the interacting effects of VWC and T on the net 

photosynthetic rate (An), we found that the highest An in P.pinea can only be attained when 

the soil moisture content is close to field capacity, which occurs during a brief period 

following the spring rainfalls (Calama et al. 2013). This is consistent with the drought-
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avoidance strategy of P.pinea (Pardos et al. 2009), characterized by the higher Ψ when soil 

moisture content is low. P.pinea induces stomatal closure in accordance with an isohydric 

behaviour (Schultz, 2003), resulting in a sharp decrease in the carbon assimilation rate to 

values well below its potential photosynthetic capacity (Calama et al. 2013). As regards 

J.oxycedrus, the low predawn and midday Ψ in summer evidences the fact that it is better 

adapted to cope with low water availability than P.pinea, exhibiting a drought-tolerant 

strategy similar to that of Q.ilex. However, we found that J.oxycedrus is also the least tolerant 

species to high temperature, exhibiting a negative carbon balance at a lower maximum 

temperature than the other two species (42ºC). This result is consistent with the lower Fv/Fm 

showed by J.oxycedrus in the summer, suggesting that the photoinhibition of the 

photosynthesis is mainly induced by high temperature. Q.ilex, on the other hand, is a drought-

tolerant species that is able to cope with high as well as low temperatures without exhibiting a 

negative carbon balance, highlighting its capacity to modify the thermal tolerance according 

to the environmental temperature (Giméno et al. 2009). This means that under hot, dry 

summer conditions (common in our study area) Q.ilex is the only species which maintains its 

CO2 uptake. This behaviour is supported by the high Fv/Fm and ΦPSII observed under summer 

conditions and the absence of any type of photoinhibition, which makes Q.ilex significantly 

different from the other two species.  

Although simulations of interacting effects of VWC and T provide important data with regard 

to the behaviour of species, plant survival and photosynthetic activity of individual plants is 

highly dependent on the light growth environment, which is considered the main abiotic 

factor defining the regeneration niche of Mediterranean tree species (Gómez-Aparicio et al. 

2008; Perez-Ramos et al. 2013). In this regard, simulations of An at eighteen points (covering 

the whole range of GSF) over a vegetative period, provide a realistic estimation of the 

physiological regeneration niches of the species (Fig. 2.7). 
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Fig. 2.7 Predicted values of CO2 assimilation as a function of the global site factor for a growing period. Each 

GSF class is constructed using three different GSF values. Error bars indicate standard deviation 

 

In ecosystems where the drought periods are not intense, an increase in irradiance leads to 

higher CO2 assimilation rates. However, when low water availability and high irradiance 

occur together, as in Mediterranean ecosystems, the plants suffer photoinhibition processes 

and their CO2 assimilation rates will decrease (Valladares et al. 2005). Hence, Q.ilex exhibits 

efficient photosynthetic activity with increasing GSF without suffering photoinhibition; 

reaching the optimal light environments at which An is maximized under very high GSF. 

Recent studies in Q.ilex stands have also shown that the An of seedlings derived from acorns 

increases with GSF when there is no water stress or photoinhibition. However, findings 

suggest that the maximum probability of recruitment is attained with intermediate light 

availability (Perez-Ramos et al. 2013). In this regard, it should be noted that the best 

physiological performance under certain environmental conditions does not necessarily imply 

the best regeneration niche for recruitment. However, in our study this fact makes Q.ilex 

regeneration the most light-demanding, preferentially establishing in canopy gaps open to the 
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sky. As for J.oxycedrus, locations ranging from medium-shade conditions to large gaps are 

suitable for maximizing An. In the case of P.pinea, we determined that the optimal conditions 

for maximizing An are found in medium-shade environments, which correspond to a GSF of 

around 0.5. P.pinea also shows the most shade-tolerant behaviour of the three species. 

Although Mediterranean pines during their seedling stage are considered light-demanding 

(Awada et al. 2003; Gomez-Aparicio et al. 2006), several studies suggest that medium-shade 

environments provide optimal conditions for P.pinea seedlings (Pardos et al. 2010; Calama et 

al. 2013; Manso et al. 2013). Our measurement of ΦPSII, which is an indicator of both the light 

saturation behaviour of the species in the field and their photosynthetic performance, support 

our simulations. P.pinea was the most sensitive species to light, the ΦPSII value decreasing 

from morning to midday by more than 66% as well as showing the lowest ΦPSII of the three 

species in the summer. By contrast, midday ΦPSII in Q.ilex did not show significant 

differences between measuring dates, indicating that the photosynthesis rate is not affected by 

light conditions over the year, and underlining the high light demanding behaviour of Q.ilex. 

In this regard, our results suggest that photoinhibition in Q.ilex is caused by low temperature 

rather than by high irradiance or high temperature, which is consistent with previous findings 

(Valladares et al. 2008). Holmgren et al. (2012), in their meta-analysis of the interactive 

effects of light and water availability, found that very low levels of light affect the 

physiological and morphological adaptations for coping with drought more severely in 

species which are capable of tolerating greater light and water stress. Our simulations are 

consistent with this finding, suggesting that a reduction in positive canopy effect is more 

likely to occur in species that are relatively tolerant to dry, high light conditions such as Q.ilex 

or to a lesser degree, J.oxycedrus, whereas in the case of P.pinea the negative effects of 

drought tend to be reduced under moderate shade but not under deep shade. 
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Our findings are supported by the observed survival rate of young plants of these three species 

at the study site over the last three years.  Mortality in P.pinea was 11% and 15% in plots 1 

and 2 respectively; whereas mortality in J.oxycedrus was less than 2% in either plot and in the 

case of Q.ilex no mortality was observed. 

We conclude that the optimal locations for P.pinea regeneration in these forests are below-

crown environments, which prevent photoinhibition of the photosynthetic apparatus and 

mitigate the effects of high irradiance and high midday temperature in summer (Calama et al. 

2013; Manso et al. 2013). As for J.oxycedrus regeneration, optimal locations are found in 

open gaps as long as high temperature does not endanger survival.  We also suggest that 

Q.ilex is the best adapted species to cope with the expected changing climatic conditions, 

characterized by increasing mean temperature and a drastic reduction in precipitation. In this 

regard, optimal locations for Q.ilex regeneration are open gaps where the other two species 

are unable to establish themselves because of high midday temperature, high irradiance or low 

water availability in summer. 

In terms of forest management, our results suggest that maintaining a canopy structure which 

relates to an average global site factor (GSF) of around 0.5, will promote competition between 

the three species, whereas higher values will greatly favor the regeneration of Q.ilex. 

Additionally, the conversion from coppices to high forest stands of Q.ilex may improve 

regeneration from seed instead of resprouting, as well as create medium-shade conditions for 

future P.pinea and J.oxycedrus seedlings. 
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Data: 

 12 sampling dates, every 2-3 weeks (from Sep 26, 2012 to May 21, 2013) 

 3 species 

 Leaves samples from natural regeneration 

 Sampling area 1 km2 

Analyses: 

 Frost tolerance test (tested temperatures: 4, -4, -8, -15, -20, -35ºC).  

 Relative electrolyte leakage before and after subjecting samples to the frost tolerance test 

 Estimating REL (Relative electrolyte leakage) 

 Parameterization of the Richards function using as response variable REL data 

 Determining LT50 (temperature at which 50% cell mortality occurs) 

 Examining the relationship between estimated parameters and environmental variables 

 Expanding estimated parameters as a function of Tmax-15 days, Tmin-15 days and 

photoperiod 

 Simulation of frost tolerance over a 2-year period 

 

Main findings: 

P.pinea exhibited high sensitivity to frost events. J.oxycedrus showed similar behaviour to that of 

species from colder regions, it was the most frost tolerant species. The period of greatest 

vulnerability in the study area was autumn. J.oxycedrus and Q.ilex could migrate towards higher 

altitudes and latitudes or remain at the same altitude spreading their distribution range by 

competing with species less adapted to frosts like P.pinea. 
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Abstract  
 

The effect of frost events on natural regeneration of Mediterranean mixed forests under a 

scenario of climate change is not well known. The expected increase in mean annual 

temperature and the greater inter and intra-annual variability in frosts occurrence, can 

significantly damage natural regeneration leading to death, with a decisive effect on species 

composition and forest dynamics. We investigated seasonal variations in frost tolerance of 

three Mediterranean species (Pinus pinea, Quercus ilex and Juniperus oxycedrus) co-

occurring in inland locations in Spain. Our aim was to assess seasonal inter-specific 

differences in frost sensitivity or tolerance. First, we applied the relative electrolyte leakage 

method (REL) to estimate the frost tolerance of these species every 3-4 weeks during the 9-

month period in which frost events can occur in a year. Second, we explored the REL 

relationship with environmental variables impacting frost acclimation/deacclimation, i.e. 

absolute minimum and maximum temperatures and photoperiod. Third, we built a REL model 

to predict seasonal variations in REL performance of young trees. We simulated REL through 

a 2-year period, thus defining seasonal bottlenecks in which the dynamics of regeneration can 

be affected by frost events. Our results showed contrasting behaviours between species, 

highlighting a greater sensitivity to cold of Pinus pinea compared to the other two species. 

The three species are most vulnerable in autumn, however, the different strategies to cope 

with unfavourable conditions adopted by Quercus ilex and Juniperus oxycedrus (e.g. stress 

tolerance and/or resprouting ability), give these species a competitive advantage over Pinus 

pinea. 

Keywords: Acclimation-deacclimation patterns; cold hardiness; modelling REL; Juniperus oxycedrus; Quercus 

ilex; Pinus pinea. 
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3.1. INTRODUCTION 

The climatic niche reflects the combinations of temperature and precipitation conditions 

where a species can occur (Bonetti and Wiens 2014). Over the current century, the speed of 

climate change is expected to exceed the ecological amplitude for adaptation of many tree 

species, eventually leading to variations in their contemporary distribution range (Kramer et 

al. 2000; Joyce and Rehfeldt 2013) as a response of tracking their climatic niches (Heap et al. 

2014). Mediterranean forests, already characterized by high temperature and extended 

drought periods in summer, episodic frosts in winter and irregular rainfall, are expected to be 

more affected by climate change than other European forests (Bussotti, et al. 2014). Although 

air temperature is expected to increase in southern Europe between 2-3ºC before 2050 

(Christensen et al. 2007 Regional Climate projections IPCC), recent research suggests that 

climate change will result in extreme inter-annual variability in terms of heat and cold waves 

(Rigby and Porporato 2008). These extreme events can have a great ecological importance in 

tree species survival (Kreyling 2010). Assessing the possible impact of climate change in 

Mediterranean environments requires a conceptual differentiation between trends in average 

conditions and changes in the unpredictable short-term events, such as unexpected frost 

events outside the expected cold period.  

If plants are not entirely acclimated to freezing temperatures, i.e. in early fall or late spring 

then the effect of low temperature can lead to the formation of intra- or extracellular ice.  It is 

demonstrated that intracellular ice is more dangerous to plants; however extracellular ice is 

not always innocuous (Pegg, 2007). When the latter occurs, the chemical potential of ice 

draws water from the intracellular to the extracellular compartment causing dehydration and 

shrinkage of cells (Burke et al., 1976; Pearce 2001; Charrier et al. 2015). Whereas 
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intracellular ice results in low water potential at the ice-water interface, which interferences 

with molecular bonds  leading to membrane disruption (Burke et al., 1976; Charrier et al. 

2015) that eventually can cause death of the whole plant or sensitive parts of them (Pardos et 

al. 2014). With decreasing minimum temperatures and photoperiod in late summer/early 

autumn, plants develop freezing tolerance strategies during the process of cold acclimation 

(Howe et al., 2003; Strimbeck and Schaberg 2009; Charrier et al. 2013a). By this process, 

plants become increasingly hardy to harmful effects of tissue freezing; growth cessation is 

followed by bud set, senescence, dormancy and the subsequent deacclimation (Kozlowski and 

Pallardy 2002) promoted by warmer mild-temperature and photoperiod in late succesional 

species (Tanino et al. 2010; Charrier et al. 2015). Freezing tolerance varies among species, 

genotypes, ontogenetic stage of the plant and even among different parts of the same plant 

(Charrier et al. 2013a; Charrier et al. 2013b; Lim et al. 2014). Recently developed leaves and 

roots are especially sensitive to cold (Kozlowski and Pallardy 2002). There is a close 

relationship between drought-tolerant and freeze-tolerant species (Charrier et al. 2014; Granda 

et al., 2014), mechanisms used by plant cells to avoid dehydration during both stress 

processes are similar, i.e. osmotic adjustment (Beck et al. 2004; Medeiros and Pockman, 

2011) and/or increase in sclerophylly (Read et al. 2006; Aranda et al. 2008; Climent et al. 

2009; Rodriguez-Calcerrada et al. 2010). Furthermore, plants become frost tolerant with 

drought hardening (Coopman et al. 2010). Freeze-thaw events may also cause xylem 

embolism by means of the air bubbles expelled from ice during thawing, affecting the 

physiology of young trees by loss of conductivity (Hacke and Sperry, 2001; Mayr et al., 2003; 

Mayr et al. 2014; Sperry and Sullivan, 1992). 

In this paper we study the frost tolerance of young trees naturally regenerated in a continental-

Mediterranean mixed forest where the dominant species are Pinus pinea (stone pine), 

Quercus ilex (holm oak) and Juniperus oxycedrus (prickly juniper). These three typical 
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Mediterranean species are broadly distributed over the Mediterranean region, but limited to 

inland and mountain locations where they coexist in the Iberian Peninsula (Castro et al. 1997). 

Although the growing period in the study area is chiefly limited by summer drought, the 

inland location of these stands makes cold an equally or more limiting factor for regeneration 

(Puértolas et al. 2005; Fellows and Goulden, 2013; Pardos et al. 2014). Taking into account 

that Mediterranean species can show physiological activity throughout the whole year, with 

maximum growth in spring but also resumed growth in autumn or summer (Castro-Díez and 

Montserrat-Martí, 1998; Pardos et al. 2010), the occurrence of early or late frost night events 

can damage the new formed soft tissues. Frost risk is substantial when exposure to freezing 

temperatures intersects with plant vulnerability (Charrier et al. 2015). If, in spite of the current 

coexistence of these species, differences in frost tolerance at moments of vulnerability are 

found, then competitive exclusion can arise. For this reason, determining the role of low 

temperature on the regeneration of these three coexisting species becomes especially 

important for understanding the dynamics of continental Mediterranean mixed stands.  

Models are a useful tool for predicting changes in species’ distribution. In this regard, 

empirical estimates of frost tolerance in co-occurring species can be used to predict the 

responses of mixed forests to climatic conditions. Different models for describing the 

development of frost tolerance in trees and grasses have been developed. All of them are 

based on the relative electrolyte leakage method (REL), by which, seasonal changes in frost 

tolerance for a plant can be estimated by measuring ion leakage from damaged tissues 

collected at different times of the year. See, for instance, Repo et al. (1990) who described the 

stationary level of frost tolerance as a linear relationship with air temperature, or the forward 

variations which included abiotic factors such as photoperiod (Leinonen et al. 1995, 1996), or 

even physiological based models, which describe seasonal frost tolerance in relation to the 

content of soluble carbohydrate (Poirier et al. 2010) or its interaction with water content 
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(Charrier et al 2013a; Charrier et al. 2013b). However, all of them have been developed to 

estimate variations in frost tolerance for a single species or to compare provenances of species 

from the same genera (Morin et al. 2007). Simple mathematical equations, not depending on 

underlying physiology can be more useful to compare frost tolerance between co-occurring 

species in mixed stands since physiology is species-specific but climate is not. This allows the 

identification of critical moments where competition can arise. 

On the other hand, much more attention has been paid to the effect of the winter temperature 

on boreal species (Leinonen and Hanninen, 2002; Hänninen, 2006; Schreiber et al., 2013a) 

and temperate species (Koehler et al., 2012; Schereiber et al. 2013b) than on Mediterranean 

species (Pardos et al. 2014; Bussotti, et al. 2014). Several studies have described the effect of 

low temperature on leaf tissues of Mediterranean species comparing contrasted Mediterranean 

pines ecological niches (Climent et al. 2009), assessing the performance of Quercus ilex 

seedlings grown in nurseries with different winter condition (Mollá et al. 2006), or comparing 

the effect of the ontogenetic development in Pinus pinea in pure stands (Pardos et al. 2014). 

However, the level of frost tolerance in Juniperus oxycedrus (one of the most widespread 

species of the genus) remains unknown.  

Given that the first years of life are critical for establishment of trees, differential responses to 

freezing temperatures in early developmental stages -which exhibit often lower frost tolerance 

than more mature stages (Lim et al. 2014)-, may be subjected to directional selection within 

each species’ ecological niche (Meza-Basso et al. 1986). Ontogenetic development in stone 

pine plays a more important role in frost tolerance during the establishment stage compared to 

the other two species, since secondary needles, which appear when trees are between 4 to 8 

years old, are generally less sensitive to low temperature than juvenile needles (Pardos et al. 

2014). Furthermore, differences in frost tolerance are not only related to age but to the 

thickness and texture of leaves (Cavender-Bares et al., 2005). In this regard, the specific leaf 
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area (SLA, the ratio of leaf area to mass) which is an indicator of the degree of sclerophylly 

(low S A corresponds to more sclerophylly), decreases along gradients of decreasing 

moisture and or nutrient availability (Ac erly et al.  2002), but it also seems to decrease with 

frost tolerance (Hekneby et al. 2006). Thus, the plant’s responses to cellular dehydration 

caused by low temperature or drought stress can lead to similar morphological modifications 

such as leaf area decrease (Gray et al. 1997). 

In this study, empirical estimates of frost tolerance were derived using an artificial freezing 

test in leaf tissues coming from natural regeneration of two conifers and one broadleaved 

evergreen in central Spain. Our aims were: first, to investigate the frost tolerance in early 

autumn, midwinter and late spring (based on the results from the artificial freezing test) and 

so describe the cold acclimation-deacclimation patterns shown by these coexisting species 

during their establishment stage in one of the coldest margins of their distribution range. 

Second, to investigate the mutual importance of air temperature and photoperiod on 

controlling changes in frost tolerance between species. We tested if the differences between 

these species in the temporal pattern of frost tolerance are linked to environmental conditions. 

In order to examine how the timing and intensity of frost events can influence the dynamics of 

regeneration of these coexisting species we simulated changes in frost tolerance over a two 

year period of contrasting minimum temperature. 

 

3.2. MATERIAL AND METHODS 
 

3.2.1. Study site and sample preparation 
 

Our study was conducted in a mixed forest in the Tiétar and Alberche Valleys in central Spain 

(40°22'52.26"N; 4°17'35.26"W). The overstory is composed of three co-dominant species: 
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Pinus pinea L, Quercus ilex L. and Juniperus oxycedrus L.. The understory is composed of 

shrub species such as Cistus ladanifer, Rosmarinus officinalis and Helichrysum stoechas with 

abundant resprouts of Q.ilex in the shrub layer. 

Soils are poor, mostly sandy, with high presence of granite rocks in the surface layers. The 

climate is continental Mediterranean, consisting of hot summers with an extended and 

pronounced drought period, while winters are cold and relatively wet. The annual rainfall is 

511 mm and the mean annual temperature is 15.3 ºC, with absolute temperatures ranging from 

3ºC to 46ºC in summer and -12ºC to 17ºC in winter. Air temperature was monitored with 

logging intervals of 10 min using a HOBO micro-weather station (Micro-HWS, ONSET, 

Massachusetts, USA) installed in the study area. The sampling location was limited to an area 

of 1 km
2
 inside the forest mass, across an elevation range of 600-700 m a.s.l. Trees were 

sampled in a stand on gentle, south facing slopes. Lateral branch tips of natural regeneration 

(up to 1.3 m height) were collected on 12 dates every 3-4 weeks (September 26, 2012; 

October 16, 2012; November 6, 2012; November 27, 2012; December 19, 2012; January 9, 

2013; January 29, 2013; February 19, 2013; March 12, 2013; April 3, 2013; April 23, 2013 

and May 21, 2013). Successive samplings were made on different seedlings covering the 

whole range of height, on young fully expanded leaves or needles corresponding to the last 

growing period. We always chose juvenile needles for P.pinea, even in the few cases in which 

individuals had both types of needles. Forty-two samples were collected from six seedlings 

per species on each date, seven samples from the same individual. All samples were wrapped 

with moist paper towels and transported to the laboratory in an insulated box, where they 

were stored at 4ºC from 0 to 4 h in order to be prepared for the freezing test.  

SLA (calculated as leaf area per unit dry mass, cm
2
 g

-1
) was estimated from 16 plants per 

species on current-year foliage. Leaf area was calculated scanning the leaves and needles with 

a high-resolution scanner (EPSON expression 10000 XL), the projected leaf area of each 
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sample was estimated using the image analysis software Winrhizo (needles) and Winfolia 

(leaves) (Regent Instruments Inc. Canada).We used this data to evaluate the ranking of 

sclerophylly among the three species at representative phenological moments such as early 

autumn (October 16) corresponding to the second growth period after the summer time in the 

Mediterranean region, mid-autumn (November 6) coincident with the beginning of the frost 

events, mid-winter (January 29) induction of the deacclimation, late winter (March 12) at the 

beginning of the growing period and concurring with late frost events, and in late spring (May 

21). 

3.2.2 Frost tolerance test 
 

On each sampling date, low temperature hardiness of each individual was estimated by 

measuring electrolyte leakage from the symplast to the apoplast, which is caused by frost 

damage to the plasma membrane. Foliage tissues from each seedling were submerged in 

distilled water (dH2O) to remove surface ions after cutting tips and basal portion of each 

needle of P.pinea and J.oxycedrus, and cutting 0.43 cm
2
 foliar discs from Q.ilex leaves. Only 

healthy leaf material was selected for testing. About 0.2 g of needles or foliar discs from each 

seedling were inserted into glass vials for freezing treatments together with 1 mL of dH2O. 

The total of vials on each sampling date was 140: six replicates per species and testing 

temperature (4, -4, -8, -15, -20, -30 and -35 ºC) plus 14 samples as blanks. One replicate was 

held at 4ºC (control) and the rest were placed inside a programmable freezer chamber (CM 

0/81, DYCOMETAL) that cooled the samples to the lower test temperatures. In order to avoid 

additional hardening during the freezing test we set a quick cooling rate of 5ºC h
-1

 (Sakai and 

Larcher 1987). We chose a minimum test temperature of -35ºC since in the last 25 years the 

minimum temperature observed at the field was -12ºC. Although studies about frost tolerance 

in boreal tree species (adapted to the severe winter climate with minimum temperatures below 

–60 °C), used a minimum temperature around -80ºC (Strimbeck and Schaberg 2009), we 
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considered -35ºC low enough for the Mediterranean region, according to similar studies on 

frost tolerance in Mediterranean tree species (Climent et al 2009; Coopman et al. 2010; 

Pardos et al 2014). Replicates were held 60 min at each target temperature to allow 

equilibration, and then transferred to a 4ºC refrigerator in insulated containers to warm 

passively. Samples from lower temperatures warm more rapidly initially, however, warming 

rates get equal as samples approach 0 °C, thus, rates are similar when cells reabsorb water 

from extracellular ice (Strimbeck et al. 2008). For further information on the methodology 

followed to impose freezing stress see Strimbeck et al. (1995, 2007). After thawing, 19 ml of 

dH2O were added to each vial to extract the ions. Samples were kept 20 h inside a dark room 

at 20ºC under suitable conditions to avoid any bacterial growth during the stabilization period. 

After shaking the vials for 15 min initial conductivity was measured with a microprocessor 

conductivity meter (HI 2300, Hanna Instruments). Samples were then autoclaved at 120 °C 

and 1 atm pressure for 20 min in order to heat-kill the tissues, allowed to cool overnight 

before shaking again the vials for 15 min and measuring the final conductivity. The same 

procedure was followed with the blank solutions.  

The relative electrolyte leakage (REL), a measure of cell injury, was calculated as the ratio 

between initial and final conductivity (Ci and Cf respectively) and corrected for the baseline 

conductivity of the blank solutions (      
and       

), varying between 0 and 1.  

    
          

          

                               (3.1) 

Relative electrolyte leakage fitting 

We defined a non-linear relationship between REL and decreasing temperatures by fitting 

either the Richards growth function (1959) or the logistic function (Verhulst, 1838) according 

to a graphical criterion. Studies in which REL measurements were made showed good fits to 
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these sigmoid curves bounded by a lower and upper asymptote. The basis is that there is a 

lower temperature range in which there is 100% cell mortality and a higher temperature range 

in which all cells survive (von Fircks and Verwijst, 1993). The five-parameter asymmetrical 

model of growth developed by Richards is flexible in describing various asymmetrical 

sigmoid patterns due to an extra form parameter (3.2). When the form parameter A is 1, then 

the Richards function is equivalent to a four-parameter logistic function.  

Curves were fit to the REL data for each seedling over all test temperatures on each sampling 

date in order to calculate the parameter Tm corresponding to the midpoint of the curve. Tm can 

be interpreted as a LT50 (temperature at 50% cell mortality) if Ymax is related to cell mortality 

instead of chlorosis. REL values below 0.5 are associated with reversible chlorosis in tissues, 

while cell mortality followed by necrosis of tissues occurs at higher REL (Strimbeck and 

Schaberg 2009; Strimbeck et al. 2008): 

           
         

             
 

  
                   (3.2) 

Y(T) is the observed REL value at a given test temperature T in ºC, Ymin is an unobserved but 

estimable parameter defining the minimum value of REL, corresponding to uninjured tissues, 

Ymax is an unobserved but estimable parameter defining the maximum value of REL at the 

upper asymptote, Ti is the inflection point of the REL response curve to freezing stress and k 

is the slope of the curve at Ti. The parameter Tm was calculated from (3.2) by solving for T at 

the midpoint between Ymax and Ymin. In those cases that data did not fit correctly, we used the 

logistic function, then the inflection point of the curve (Ti) equals the midpoint of the curve 

(Tm). We always prioritized the best graphical-fit to the REL data instead of the best statistical 

explanation in order to select between functions. This criterion provides a more accurate and 

precise estimate of the parameter Tm ensuring the highest goodness of fit, since the estimated 

Ymin and Ymax were always very similar to the REL values measured at 4 and -35ºC 

respectively. For both cases, non-linear regression models were fitted using the least squares 
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method by applying the NLIN procedure of SAS®/STAT 9.2. We used a threshold Ymax value 

of 0.5 to classify each species on each sample date as low temperature sensitive or tolerant. 

Since relative tolerance cannot always be expressed as a simple LT50 if freezing does not 

result higher than 50% injury, we have calculated the ratio of Tm to Ymax which has been 

previously used in studies involving frost tolerant species (Strimbeck and Schaberg 2009). 

The ratio of Tm to Ymax provides a composite index of relative low temperature tolerance that 

includes both a measure of response to low temperature stress (Tm) and a measure of 

maximum low temperature injury (Ymax).  

Two-way ANOVA and Tukey's Test were applied to assess differences between species and 

sampling dates for the estimated parameters Ymax, Tm, Tm/Ymax and SLA using the procedure 

PROC GLM, SAS 9.2. 

 

3.2.3 Expansion of the estimated REL-model parameters on environmental variables 
 

We examined the effect of the main factors that trigger cold acclimation-deacclimation: 

temperature (decline of minimum temperature or conversely warmer mild-temperature) and 

photoperiod (Tanino et al. 2010; Charrier et al. 2015). We carried out an exploratory analysis 

to assess the effect of the photoperiod and the absolute minimum and maximum temperatures 

(Tmin and Tmax) over 0, 5, 10, 15 and 17 days before the sampling date on each estimated 

parameter (Ymax, Ymin, Tm and k) using PROC CORR, SAS 9.2. We used absolute 

temperatures instead of mean temperatures because the limits in plants distribution are 

controlled by the minimum or maximum temperature since they can rise or descend more 

strongly than mean temperature (Puhe et al. 2001). The use of an average value of the 

absolute temperature (over 5, 10, 15 and 17 days) has been previously proposed (Poirier et al. 

2010) given that the physiological changes inside the plant leaf that occur in response to low 
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temperature take place within days to weeks (Wanner and Junttila 1999). Therefore the most 

influential temperature on parameters (Ymax, Ymin, Tm and k) should not be the single current 

day temperature when they were measured, but its integration over a period covering several 

days.   

According to the best correlations obtained in the previous step (table 3.1), we explored the 

graphical relationship between the best correlated environmental variables (photoperiod, Tmin 

and Tmax over 0, 5, 10, 15 and 17 days) and estimated parameters (Ymin, Tm and k) by plotting 

them (Fig. 3.1).  

Table 3.1 

Pearson correlation coefficient (Rxy) 

Estimated 

parameter 

Ymin 

Jo 

Ymin 

Pp 

Ymin 

Qi 

Ymax 

Jo 

Ymax 

Pp 

Ymax 

Qi 

Tm 

Jo 

Tm 

Pp 

Tm 

Qi 

K 

Jo 

K 

Pp 

K 

Qi 
Photoperiod 0.35 0.49 0.65* 0.71** 0.39 0.46 0.86*** 0.79* 0.55 0.73** 0.70* 0.46 

Tmax 0.43 0.55 0.39 0.50 0.23 0.53 0.71* 0.89*** 0.55 0.39 0.81** 0.11 

Tmax_5 0.58* 0.65* 0.20 0.31 0.00 0.42 0.6* 0.83*** 0.34 0.21 0.74** -0.15 
Tmax_10 0.57 0.62* 0.32 0.39 -0.06 0.48 0.67* 0.86*** 0.40 0.28 0.79** -0.04 

Tmax_15 0.66* 0.59* 0.39 0.37 -0.17 0.48 0.68* 0.85*** 0.44 0.34 0.83*** 0.05 

Tmax_17 0.64* 0.59* 0.42 0.37 -0.18 0.49 0.68* 0.85*** 0.45 0.36 0.84*** 0.08 

Tmin 0.51 0.55 0.22 -0.18 0.00 0.39 0.11 0.34 -0.14 0.11 0.31 -0.11 

Tmin_5 0.47 0.19 0.20 0.10 -0.41 0.49 0.44 0.64* 0.27 0.16 0.54 -0.19 

Tmin_10 0.48 0.33 0.16 0.29 -0.36 0.42 0.58* 0.76** 0.25 0.14 0.61* -0.19 

Tmin_15 0.54 0.29 0.33 0.34 -0.43 0.42 0.58* 0.77** 0.46 0.24 0.71** -0.04 
Tmin_17 0.58* 0.32 0.34 0.31 -0.45 0.40 0.56 0.75** 0.44 0.23 0.71** -0.03 

 

Ymin: minimum REL; Ymax: maximum REL; LCL95 and UPL95: Tm: temperature at the midpoint of the REL 

response curve to freezing stress; K:  steepness of the REL response curve. Jo: Juniperus oxycedrus; Pp: Pinus 

pinea; Qi: Quercus ilex; Tmax: absolute daily maximum temperature; Tmin: absolute daily minimum 

temperature (average over the period of 5, 10, 15, 17 days); (*)(**)(***)  p-value ≤0.05, 0.01 or 0.001. 
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Fig. 3.1 Estimates of parameters Tm , Ymin and k against environmental variables Tmin and Tmax over 15 days 

and photoperiod. Dots represent the mean value of the six samples for each species on each sampling date. Rxy: 

Pearson correlation coefficient. 

 

We defined mathematical functions in order to describe such graphical relationships. In 

absence of a mechanistic models including environmental variables under a theoretical basis, 

linear expansion of the parameters (also  nown as “reparameterization through defining 

relationships”) over potential explanatory covariates is  the only alternative for testing the 

effect of different factors over a response variable in a nonlinear regression framework 
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(Schabenberger and Pierce, 2001, section 5.7.2.).We propose the expansion of parameters Tm, 

Ymin and k as follows: 

      
  

          
                         (3.3) 

                                          (3.4) 

                                             (3.5) 

These expanded functions composed of new estimable parameters (3.3) (3.4) and (3.5) were 

entered into the logistic function placing the former parameters by the new expanded 

functions (3.6). A new unique expanded model capable of predicting REL for a given 

temperature as a response to environmental variables was formulated for each species. 

                  
               

   
                    

  
      

  

 
         

 
                 (3.6)  

We tested the Richard's function in this step, however, we found convergence problems 

because of the large number of parameters involved. Different functions and combinations of 

environmental variables were also tested. We chose the simplest expansion for each parameter 

(as a function of only one environmental variable), since the more complex the expansion the 

more problems with convergence. Furthermore, the proposed functions minimized the sum of 

squares error relative to the full set of environmental variables. The approach of parameter 

expansion has been proposed in previous studies in several ways, for instance to describe the 

environmental control over parameters empirically estimated (see Calama et al. 2013 and 

Mayoral et al. 2015), or to develop mechanistic models using physiological parameters 

(Charrier et al. 2013a) . 

Non-linear curves were fitted to the observed REL data as a response to testing temperatures 

(T) and environmental variables. Then the new parameters were estimated for each species. 
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We use Ordinary Least Squares technique, by applying the PROC NLIN, SAS 9.2 and the 

Gauss-Newton optimization algorithm to fit the final models. For each model, we calculated 

the modelling efficiency EF (pseudo-R
2
 for non-linear models). 

 

3.2.4. REL simulation 
 

In order to identify periods of substantial frost risk, determined as the interaction between 

cold-sensitive plants and low temperature (Charrier et al 2015), the new models performance 

was evaluated over two years (from May 31 2012 to May 23 2014) of contrasting absolute 

minimum temperatures (-5.8 on December 11 2012 and -7.8°C on December 2 2013). Given 

that the new models are an expansion of the logistic function, they require entering a fix 

temperature (T) to calculate REL for a combination of environmental factors Tmin_15, 

Tmax_15 and photoperiod. We analyzed the individual responses in terms of RE  (T=−12 °C), 

defined as the relative electrolyte leakage measured at the absolute minimum temperature 

observed under field conditions at the study site (−12 °C) in the last 25 years. This value can 

be considered a proxy of frost tolerance to the most adverse conditions under a natural 

environment (Pardos et al. 2014).  

 

3.3. RESULTS 

 

3.3.1. Climatic conditions 
 

During the sampling period, the minimum absolute temperature was recorded in autumn at -

5.8ºC. According to the season’s classification in which autumn starts on 21
st
 of September, 
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seasonal temperature ranges and number of frosts recorded (absolute minimum temperature 

lower than 0ºC) were: -5.8 to 31.0 ºC and 23 frosts in autumn, -5.2 to 17.2 ºC and 64 frosts in 

winter, -3.0 to 41.0ºC and 17 frosts in spring (Fig. 3.2). In 2014, no late frosts were recorded 

in April but one frost occurred in May, indicating strong variability in the timing of late frosts 

between and within years. Maximum daily temperatures remained above 0ºC during the 

whole sampling period (Fig. 3.2). 

 

Fig. 3.2 Absolute minimum and maximum air temperature (Tmin and Tmax) and 5-day mean temperature (Tmean 5 

days) measured at 20 cm height in the study area between September 2012 and May 2013. 

 

3.3.2. REL curves and styles of acclimation 
 

Temperature-relative electrolyte leakage curves are represented in Figure 3.3 by three 

examples where each species' response to temperature is shown on three different dates 

(September 26, January 9 and April 23). Curves are plotted together with the observed REL 

data corresponding to descending test temperatures. Curves before acclimation, on September 

26 (Fig. 3.3a) showed different behaviours with decreasing temperatures between species. 

Before acclimation, J.oxycedrus and Q.ilex reached values of REL over 0.5 at around -20ºC, 
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whereas P.pinea reached it at -8ºC. This fact made P.pinea the most sensitive species to early 

low temperature episodes. Moreover, the steepness of the sigmoid curve in P.pinea 

corresponds to that of a warmer climate species. After acclimation (January 9, 2013), 

observed average REL at -35ºC in J.oxycedrus was 0.47, which means that this species was 

highly tolerant to the lowest temperature tested, whereas Q.ilex and P.pinea showed observed 

average REL at -35ºC higher than 0.5 (Fig. 3.3b) but probably irreversible cellular injuries 

occurred at some temperature between -20 to -30ºC. During deacclimation (April 23, 2013) 

P.pinea lost hardiness showing irreversible cell injuries at around -8ºC, while in the other 

species, irreversible cellular injuries occurred between -10 and -15ºC (Fig. 3.3c) 
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Fig. 3.3 Three examples of temperature-REL curves before acclimation on Sep 26 (a); after acclimation Jan 9 (b) 

and after deacclimation Apr 23 (c).  The symbols cross (J.oxycedrus), square (P.pinea) and triangles (Q.ilex) 
represent observed REL values from each single plant at each test temperature. Dashed line indicates REL 0.5. 
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3.3.3. Seasonal variations of estimated parameters Ymax and Tm and relative low temperature 

tolerance 
 

The maximum value of the relative electrolyte leakage (Ymax), defined as the asymptote of the 

REL model (2), varied significantly between species and sampling dates (P<0.0001), from 

0.50 in January to 0.90 at the end of April (Fig. 3.4a). Ymax was higher than 0.50 on all 

sampling dates. P.pinea showed the highest Ymax of the three species throughout the period 

(Fig. 3.4a), ranging from 0.90 in April 23 to 0.73 in November 27. In contrast, 0.75 was the 

highest Ymax value reached by Q. ilex on May 21 while the minimum value was 0.58 in 

January 9. J. oxycedrus showed the lowest Ymax of the species throughout the period, ranging 

from 0.50 (December 19) to 0.68 (May 21). According to the Tukey HSD test, Ymax in P. 

pinea was always significantly different from that of J. oxycedrus, while Q.ilex showed an 

intermediate Ymax value (Fig. 3.4a). 

 

Fig. 3.4 Mean value ( standard error) for (a) estimated maximum REL (Ymax) and (b) temperature at the 

midpoint of the relative electrolyte leakage curve (Tm) fitted from leaves of J.oxycedrus, P.pinea and Q.ilex after 

the freezing test.  Values of Ymax and Tm come from the independent fit of six seedlings per species.  
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Tm varied from -6.0ºC at the end of May to -19.7 ºC at the end of December, showing 

statistically significant differences between species and sampling dates (Fig. 3.4b). 

J.oxycedrus had the lowest Tm in December (-19.7ºC), whereas P. pinea and Q. ilex had lower 

Tm at the beginning of January (-19.7 and -18.4 ºC respectively). The three species showed the 

highest Tm value on May 21. There were no statistical differences between species on this 

date.  

An increase in Tm from September to October was found in Q. ilex (from -16.6 to -12.0ºC) 

and J. oxycedrus (from -13.8 to -10.9ºC). This trend remained in Q.ilex to a lesser degree 

from October to November 6 (increasing up to -11.6ºC). In September all species were 

significantly different from each other (P<0.0001), Q. ilex exhibited the lowest Tm of the three 

species, then became closer to P. pinea as the autumn progressed. J.oxycedrus kept the lowest 

Tm values from mid-October to December. Interactions among species and sampling dates are 

shown in Fig. 3.4b, indicating different rates of acclimation.  

The relative low temperature tolerance of the species, defined by the index Tm/Ymax, showed 

clear differences in hardiness among species over time. In September 26, Q.ilex and 

J.oxycedrus showed similar Tm/Ymax values, but from then on, Q.ilex showed a closer Tm/Ymax 

value to that of P.pinea (Fig. 3.5a). By December 19, after a cold period of around 15 days, 

including the coldest night recorded during the whole sampling period, J.oxycedrus reached 

both the lowest Tm  (although there were no significant differences for any species) and the 

lowest Tm/Ymax (showing differences at P<0.0001 with P.pinea and P=0.002 with Q.ilex) (Fig. 

3.4b and 3.5a). From December 19 to January 9 Tm in J. oxycedrus was -19ºC and Ymax near 

to 0.5, while Q.ilex and P.pinea reached the maximum hardiness by January 9. On this date 

P.pinea showed a high Ymax (near 0.8) that increased the index Tm/Ymax and made P.pinea the 
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relatively least tolerant species to low temperature. Despite the frequent nights of frost 

throughout winter, the three species started deacclimation at the end of January. In contrast to 

P.pinea and J.oxycedrus, Q.ilex showed rather constant and lower values of both Tm and 

Tm/Ymax from February until the beginning of April (Figs. 3.4b and 3.5b). On April 3, Q.ilex 

was the most tolerant species to low temperature, showing significant differences in both Tm 

and Tm/Ymax with P.pinea and J. oxycedrus (P≤0.005). 

 

Fig. 3.5 Values of the composite index Tm/Ymax and linear trends of the Tm/Ymax during acclimation (a) and 

deacclimation (b). R
2
: coefficient of determination of the linear regression is given for each species. 

 

By April 23, all species had lost hardiness, concurrent with the end of the frosts and a high 

mean temperature (15ºC). On May 23 the three species approached a Tm summer value 

around-6.5ºC. 

 

3.3.4. Variations of SLA 
 

We use SLA as a proxy to leaf sclerophylly to explain differences on frost acclimation 

between species, although other potential drivers (e.g. carbohydrates) that could be influential 

were not included in the analysis. Figure 3.6 shows SLA values at different moments for the 

three species. On October 16, we found significant differences between P.pinea and the other 
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two species (P<0.0003). P.pinea showed the highest value of SLA (79.7±7.9 cm
2
 g

-1
) 

according to the lowest sclerophylly. On November 6, we found significant differences 

between J.oxycedrus and the other two species (P<0.0001). J.oxycedrus showed the lowest 

SLA in November 6 (39.6±6.9 cm
2
 g

-1
), followed by Q.ilex (60.7±10.7 cm

2
 g

-1
) and P.pinea 

(66.2±7.7 cm
2
 g

-1
). During winter and deacclimation we did not found significant differences 

between species. 

 

Fig. 3.6 Mean specific leaf area (SLA) calculated from 16 plants per species at representative phenological 

moments: early autumn (Oct 16), second growth after summer; mid-autumn (Nov 6), onset of frost events; mid-

winter (Jan 29), induction of the deacclimation, late winter (Mar 12), onset of the growing period and late frost 

events, late spring (May 21). 

 

3.3.5. REL model fitting and simulations 

The goodness of fit of the model was calculated as a pseudo-R
2 

for non-linear functions, thus 

the models efficiency were 77%, 85% and 82% for J.oxycedrus, P.pinea and Q.ilex, 

respectively. The Akaike information criterions (AIC) were also estimated: -1000.5, -901.9 

and -1027.5 for J.oxycedrus, P.pinea and Q.ilex, respectively. Moreover, the goodness of fit 

was evaluated by calculating the average values of the whole set of observed REL values at 

the lowest test temperature (-35ºC), which in turn defined the upper asymptote Ymax, resulting 
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in 0.56, 0.78 and 0.66 for J.oxycedrus, P.pinea and Q.ilex respectively. This REL (at -35ºC) 

matched up with the Ymax values estimated with the expanded model (see Table 3.2). 

Table 3.2 

Parameter estimates for the REL model. 

 
Parameter Estimate Std error LCL95 UPL95 

J
.o

x
yc

ed
ru

s 

ymax 0.5725 0.00939 0.5541 0.5910 

p0 0.0507 0.00377 0.0433 0.0581 

p1 -0.1142 0.00912 -0.1321 -0.0963 

p2 -9.4198 1.5029 -12.3727 -6.4668 

p3 -8.1775 1.6649 -11.4487 -4.9063 

p4 0.2297 0.0541 0.1233 0.3361 

P
.p

in
ea

 

ymax 0.7804 0.0094 0.762 0.7989 

p0 0.0417 0.0044 0.0331 0.0503 

p1 -0.0789 0.0076 -0.0938 -0.064 

p2 -5.8163 1.2927 -8.3562 -3.2763 

p3 -8.5785 1.4454 -11.4185 -5.7385 

p4 0.1668 0.0333 0.1013 0.2322 

Q
.i

le
x

 

ymax 0.6675 0.0088 0.6503 0.6848 

p0 0.0654 0.0038 0.058 0.0728 

p1 -0.1183 0.0078 -0.1338 -0.1029 

p2 -11.6315 1.1041 -13.8007 -9.4622 

p3 -4.3759 1.2610 -6.8535 -1.8984 

p4 0.2571 0.0743 0.1112 0.4030 

 

 

 

The models performance were evaluated ver a two year period taking T as a proxy of low 

temperature tolerance to the most adverse conditions recorded at the study site in the last 25 

years (-12°C).  None of the species reached a REL (-12°C) higher than 0.5 in the winter months. 

However, since 100% of cell injuries is never reached by any species, we have solved for 

REL50= Ymin + (Ymax –Ymin)/2 in order to have an estimate of temperature giving the relative 

50% cell injuries (LT50) and define the periods of vulnerability (cold sensitivity) for each 

species. For this purpose we used the estimated values of parameter Ymax showed in Table 3.2 

Ymax: maximum REL; Std error: standard errors; LCL95 and UPL95: Lower 

and upper limits of the confidence interval for the parameter estimates at a 

95% significance level. 
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(>0.5 for the three species, according to the classification of lethal injuries proposed by 

Strimbeck and Schaberg 2009) and set Ymin to the average values of the whole set of observed 

REL at 4ºC (corresponding to the lower asymptote) which was 0.13, 0.10 and 0.18 for 

J.oxycedrus, P.pinea and Q.ilex respectively. We found that P.pinea exhibits relative 50% cell 

injuries (REL50) when the electrolyte leakage corresponds to 0.44, Q.ilex 0.40 and 

J.oxycedrus 0.34.  

According to our simulation the three species were sensitive to frost damage in summer 

(although frost events are highly unlikely during this period), tolerant in winter but there were 

several substantial frost risks for the three species in autumn and spring (Table 3.3). Table 3.3 

only shows those periods where interactions between frost events and cold sensitivity were 

found (April, May, October, November and December). Predictions for P.pinea indicated 

frost sensitivity in more days than Q.ilex and J.oxycedrus, especially in autumn. During the 

two year period of REL (-12°C) simulation, 174 frost events were recorded, but nevertheless, 

predictions indicated that plants were frost tolerant in most of these events. However, the  

simulation indicated that if one of those days temperature had reached -12°C along with cold 

sensitivity (REL(-12°C)  >REL50), 7 of the frost events would have caused frost injuries in 

J.oxycedrus and 6 in Q.ilex, while P.pinea would has been the most frost sensitive species, 

suffering predicted frost injuries in 25 frost events. For the rest of the frost events, plants were 

acclimated enough to resist the most adverse temperatures even in the night where the lowest 

temperature was recorded (-7.8°C). Furthermore, our results showed that the occurrence of 

relative cell injury was highly related to the days with Tmin_15> 3°C and Tmin< 0°C.  

 

 

 



CHAPTER 3: Frost tolerance 

85 
 

  Juniperus oxycedrus (T=-12ºC)          REL50=0.34 Pinus pinea (T=-12ºC)          REL50=0.44 Quercus ilex (T=-12ºC)          REL50=0.40 

day oct nov dic apr may oct nov dic apr may oct nov dic apr may oct nov dic apr may oct nov dic apr may oct nov dic apr may 

year 12 12 12 13 13 13 13 13 14 14 12 12 12 13 13 13 13 13 14 14 12 12 12 13 13 13 13 13 14 14 

1 0.41 0.34 0.26 0.30 0.32 0.42 0.38 0.13 0.30 0.37 0.68 0.59 0.46 0.46 0.48 0.69 0.64 0.12 0.47 0.60 0.44 0.39 0.33 0.37 0.39 0.45 0.41 0.19 0.37 0.42 

2 0.41 0.33 0.23 0.30 0.31 0.42 0.37 0.13 0.31 0.37 0.68 0.56 0.39 0.48 0.46 0.69 0.64 0.11 0.48 0.60 0.44 0.38 0.31 0.37 0.39 0.45 0.41 0.18 0.37 0.42 

3 0.41 0.33 0.21 0.31 0.30 0.42 0.37 0.13 0.30 0.37 0.68 0.56 0.34 0.49 0.44 0.69 0.62 0.11 0.46 0.59 0.44 0.38 0.30 0.38 0.38 0.45 0.40 0.17 0.37 0.42 

4 0.40 0.33 0.21 0.31 0.30 0.42 0.36 0.12 0.30 0.37 0.67 0.57 0.33 0.49 0.43 0.70 0.62 0.11 0.47 0.58 0.43 0.38 0.29 0.38 0.38 0.45 0.40 0.17 0.37 0.42 

5 0.40 0.33 0.21 0.32 0.31 0.42 0.37 0.13 0.31 0.36 0.66 0.56 0.33 0.50 0.45 0.70 0.63 0.11 0.48 0.57 0.43 0.38 0.29 0.38 0.38 0.45 0.40 0.17 0.37 0.42 

6 0.39 0.32 0.20 0.32 0.32 0.42 0.36 0.13 0.31 0.36 0.65 0.56 0.30 0.50 0.47 0.70 0.62 0.11 0.48 0.57 0.43 0.38 0.28 0.38 0.39 0.45 0.40 0.17 0.38 0.42 

7 0.39 0.31 0.20 0.31 0.33 0.42 0.36 0.13 0.32 0.37 0.65 0.52 0.32 0.49 0.49 0.69 0.61 0.11 0.50 0.58 0.43 0.37 0.28 0.38 0.39 0.44 0.40 0.17 0.38 0.42 

8 0.39 0.31 0.19 0.31 0.34 0.42 0.35 0.13 0.33 0.37 0.65 0.53 0.29 0.50 0.53 0.69 0.60 0.11 0.53 0.59 0.43 0.36 0.27 0.38 0.40 0.44 0.39 0.17 0.39 0.43 

9 0.39 0.30 0.16 0.31 0.35 0.42 0.33 0.13 0.34 0.38 0.65 0.52 0.22 0.48 0.54 0.69 0.56 0.10 0.54 0.59 0.43 0.36 0.25 0.37 0.41 0.44 0.38 0.17 0.40 0.43 

10 0.40 0.29 0.14 0.31 0.36 0.41 0.33 0.13 0.34 0.38 0.66 0.50 0.17 0.48 0.56 0.69 0.56 0.10 0.55 0.60 0.43 0.36 0.22 0.37 0.41 0.44 0.38 0.16 0.40 0.43 

11 0.40 0.29 0.13 0.30 0.35 0.41 0.33 0.13 0.36 0.39 0.67 0.50 0.14 0.46 0.55 0.68 0.56 0.10 0.57 0.61 0.43 0.35 0.20 0.37 0.41 0.44 0.38 0.16 0.41 0.44 

12 0.40 0.29 0.13 0.29 0.35 0.41 0.33 0.13 0.36 0.39 0.67 0.50 0.13 0.44 0.55 0.68 0.56 0.10 0.58 0.62 0.43 0.35 0.19 0.37 0.41 0.43 0.38 0.17 0.41 0.44 

13 0.40 0.29 0.12 0.28 0.36 0.40 0.32 0.13 0.36 0.39 0.67 0.50 0.12 0.40 0.55 0.67 0.55 0.11 0.58 0.61 0.43 0.35 0.19 0.36 0.41 0.43 0.38 0.17 0.41 0.44 

14 0.40 0.30 0.13 0.28 0.36 0.40 0.32 0.13 0.36 0.38 0.66 0.52 0.14 0.39 0.57 0.67 0.55 0.11 0.59 0.60 0.43 0.36 0.20 0.36 0.42 0.43 0.38 0.17 0.42 0.44 

15 0.39 0.32 0.14 0.28 0.36 0.40 0.33 0.13 0.37 0.38 0.66 0.56 0.16 0.41 0.57 0.66 0.56 0.11 0.59 0.59 0.43 0.37 0.21 0.36 0.42 0.43 0.38 0.17 0.42 0.43 

16 0.39 0.34 0.14 0.28 0.36 0.39 0.32 0.13 0.36 0.38 0.65 0.59 0.16 0.40 0.56 0.65 0.56 0.11 0.58 0.60 0.43 0.38 0.22 0.36 0.42 0.43 0.38 0.17 0.42 0.44 

17 0.39 0.35 0.15 0.29 0.36 0.39 0.32 0.13 0.37 0.38 0.65 0.61 0.19 0.42 0.57 0.65 0.54 0.11 0.58 0.60 0.43 0.39 0.23 0.37 0.42 0.42 0.37 0.17 0.42 0.44 

18 0.39 0.34 0.15 0.30 0.36 0.38 0.31 0.13 0.37 0.38 0.66 0.60 0.20 0.45 0.57 0.63 0.53 0.11 0.59 0.60 0.43 0.38 0.24 0.38 0.42 0.42 0.37 0.17 0.42 0.44 

19 0.40 0.33 0.16 0.31 0.37 0.38 0.31 0.13 0.37 0.39 0.66 0.58 0.21 0.46 0.57 0.63 0.53 0.11 0.59 0.61 0.43 0.38 0.24 0.38 0.42 0.42 0.37 0.17 0.43 0.44 

20 0.40 0.33 0.17 0.30 0.37 0.38 0.28 0.13 0.37 0.39 0.67 0.58 0.24 0.44 0.57 0.63 0.47 0.11 0.59 0.61 0.43 0.38 0.25 0.38 0.42 0.42 0.35 0.17 0.43 0.44 

21 0.40 0.33 0.18 0.31 0.36 0.38 0.25 0.12 0.37 0.39 0.66 0.58 0.27 0.45 0.57 0.63 0.41 0.11 0.59 0.61 0.43 0.37 0.27 0.38 0.42 0.42 0.33 0.17 0.43 0.44 

22 0.39 0.33 0.18 0.32 0.36 0.38 0.24 0.12 0.37 0.38 0.65 0.58 0.26 0.47 0.55 0.64 0.39 0.11 0.60 0.60 0.42 0.38 0.26 0.39 0.41 0.42 0.32 0.17 0.43 0.43 

23 0.39 0.32 0.19 0.31 0.35 0.38 0.23 0.12 0.37 0.38 0.65 0.55 0.28 0.46 0.54 0.64 0.36 0.11 0.59 0.60 0.42 0.37 0.27 0.39 0.41 0.42 0.31 0.17 0.42 0.43 

24 0.38 0.32 0.20 0.32 0.34 0.39 0.23 0.12 0.37   0.65 0.55 0.32 0.47 0.52 0.65 0.37 0.11 0.59   0.42 0.37 0.28 0.39 0.41 0.42 0.31 0.18 0.42   

25 0.38 0.32 0.22 0.32 0.34 0.39 0.22 0.13 0.37   0.64 0.56 0.35 0.47 0.51 0.66 0.34 0.12 0.59   0.42 0.37 0.30 0.39 0.40 0.42 0.30 0.19 0.42   

26 0.38 0.32 0.22 0.32 0.34 0.39 0.19 0.13 0.37   0.64 0.56 0.37 0.48 0.50 0.66 0.29 0.13 0.59   0.41 0.37 0.30 0.40 0.40 0.42 0.28 0.19 0.42   

27 0.37 0.32 0.22 0.33 0.34 0.39 0.17 0.13 0.37   0.63 0.56 0.37 0.50 0.51 0.67 0.22 0.14 0.58   0.41 0.37 0.30 0.40 0.40 0.42 0.25 0.20 0.42   

28 0.37 0.32 0.23 0.33 0.34 0.40 0.15 0.14 0.37   0.62 0.56 0.37 0.50 0.52 0.67 0.18 0.15 0.59   0.40 0.37 0.31 0.40 0.41 0.42 0.23 0.21 0.42   

29 0.36 0.31 0.20 0.33 0.34 0.40 0.14 0.13 0.37   0.60 0.56 0.31 0.49 0.52 0.67 0.14 0.14 0.59   0.40 0.36 0.29 0.40 0.40 0.42 0.21 0.20 0.42   

30 0.35 0.29 0.18 0.32 0.34 0.39 0.13 0.13 0.37   0.60 0.50 0.27 0.48 0.52 0.66 0.13 0.14 0.60   0.40 0.35 0.27 0.39 0.41 0.42 0.19 0.20 0.42   

31 0.35   0.17   0.35 0.39   0.13     0.60   0.23   0.53 0.65   0.15     0.39   0.25   0.41 0.42   0.20     

Table 3.3 

Seasonal frost risk  

 

Estimated REL (-12ºC) values. Sensitivity to frost (REL
-12

>REL
50

): light-grey cells; intersection of vulnerability and hazard (Tmin<0ºC): dark-grey cells; no frost risk: white 

cells. 
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3.4 DISCUSSION AND CONCLUSSION 

After taking into account the difficulties related to the collection of material from natural 

regeneration under field conditions due to different leaf life span of plants, we conclude that 

our results provide good estimates about frost tolerance of three tree species co-occurring in a 

wide area of central Spain. In this study we used the REL method to profile the acclimation-

deacclimation patterns of P.pinea, Q.ilex and J.oxycedrus, demonstrating highly contrasting 

tolerances to low temperature between these three species at different times of the year.  

 

3.4.1. Seasonal patterns of acclimation-deacclimation 

Different patterns of acclimation have been found in boreal and temperate species (Xin and 

Browse 2000; Larcher 2005, Strimbeck and Schaberg 2009). In general, species originating in 

warmer climates with sporadic early or late frost events show relatively high Ymax and Tm 

values (Strimbeck and Schaberg 2009). However, in spite of the same temperate 

Mediterranean origin of P.pinea, Q. ilex and J.oxycedrus, we have found a different pattern of 

acclimation in J.oxycedrus, closer to that of species from northern latitudes.  

Tm/Ymax is especially useful to distinguish different patterns of hardiness in species with low 

Ymax (Strimbeck and Schaberg 2009). Figure 3.5a shows the evolution of Tm/Ymax during 

acclimation and the linear trends for this period. The steepest slope of the linear trends was 

displayed by J.oxycedrus (-0.19 units d
-1

) followed by P.pinea (-0.16) and Q.ilex (-0.09), 

indicating that J.oxycedrus acclimated more rapidly than the other two species, becoming 

tolerant to temperatures below -16 ºC by early November. During October 2012, minimum 

temperature was lower than 0ºC in three nights, which is probably not enough to trigger cold 
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acclimation by low temperature (Sakai and Larcher 1987). However, cold acclimation can be 

controlled by other factors (Tanino et al. 2010). In this regard, photoperiod starts to decrease 

just at the end of September/beginning of October (falling below 12 h), suggesting a strong 

photoperiod control of the acclimation in J.oxycedrus, similar to that of conifers occurring in 

colder regions (Christersson 1978; Beck et al., 2004; Tanino et al., 2010). The early onset of 

cold acclimation in this species is supported by the lowest SLA at the beginning of November 

(P<0.0001) which is in agreement with previous findings about leafs traits and frost tolerance 

(Cavernes-Bares et al., 2005), suggesting that J.oxycedrus was the most cold tolerant species 

at that time (Fig. 3.6). However, the cost of constitutive low temperature tolerance before the 

optimal moment in J.oxycedrus could decrease the photosynthetic capacity when conditions 

are still appropriate, and thus could lead to some reduction of growth in this species (Xin and 

Browse, 2000). During deacclimation (Fig. 3.5b) J.oxycedrus also showed about double the 

deacclimation rate of the other two species. As for Q.ilex, acclimation started after the three 

first frosts that took place at the end of October, which suggest that low temperature is prior to 

photoperiod in controlling the onset of acclimation for this species. However, Q.ilex delayed 

deacclimation compared to the other two species. In this regard, our results for Q.ilex are 

consistent with the seasonal variations in frost tolerance in adult trees found by Morin et al. 

(2007).  They measured frost tolerance in October, January and March-April (with Tm values 

of -11.8, -27.8 and -24.6 ºC, respectively), and found a similar ranking to us in Tm , with the 

highest Tm in October and rather low Tm in spring (Fig. 3.4b). The pattern of P.pinea was 

closer to that of J.oxycedrus than to Q.ilex. Our results suggest that the onset of acclimation 

and deacclimation in P.pinea are controlled by both temperature and photoperiod.  

On the other hand, our results showed that Tm could always be interpreted as the temperature 

at which 50% of the cells are killed (LT50) (Strimbeck et al. 2008). However, certain caution 

should be observed for J.oxycedrus in mid-winter, because although the estimated Ymax is 0.5 
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(Fig. 3.4a), the average REL measured at -35ºC in mid-winter was around 0.47, which meant 

that parameter Ymax is slightly overestimated.  

Precise quantifications of frost tolerance of seedlings of J.oxycedrus and Q.ilex have not been 

previously reported.  Our results show that in mid-winter the three species studied were 

tolerant enough with a Tm around -19 ºC. Studies have been conducted on frost tolerance of 

Q.ilex but at the adult stage, showing a mid-winter Tm around -27ºC (Morin et al. 2007).  

However, adult trees usually exhibit higher frost tolerance than seedlings or juveniles (Lim et 

al. 2014). In P.pinea, a Tm of -19.7 ºC could be considered relatively high compared to the Tm 

of -25ºC found by Pardos et al. (2014) in seedlings. This fact can be explained because natural 

hardiness of plants increases markedly when the daily minimum temperature falls to subzero 

for a week (Sakai and Larcher 1987).  For instance, Pardos et al. (2014) recorded a 20-day 

cold period in their study area with minimum temperatures below zero before the sampling 

date. As for J.oxycedrus, ours is the first study about frost tolerance on this species, we 

conclude that seedlings are well adapted to cope with frosts, especially in autumn that is the 

most risky period for frost events in the study area. 

The increase-decrease hardiness pattern showed by J.oxycedrus and Q. ilex from September 

to October (Figs. 3.4b and 3.5) is in accordance with the different strategies to cope with 

stress conditions used by these species. Since mechanisms used by stress-tolerant species to 

prevent dehydration induced by water stress or by ice nucleation due to freezing temperature 

are similar, i.e. osmotic adjustment and/or increase in sclerophylly (Aranda et al. 2008; 

Rodriguez-Calcerrada et al. 2010, Granda et al., 2014), higher drought/frost tolerance can be 

expected in summer and at the beginning of the autumn (first sampling date) in stress-tolerant 

species such as J.oxycedrus and Q. ilex (Baquedano and Castillo, 2007; Willson et al. 2008) 
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compared to P.pinea, which employs a stress-avoidance strategy against drought (Pardos et 

al. 2009; Mayoral et al. 2015). 

3.4.2. Temporal bottlenecks for regeneration and ability of adaptation to climate 
 

According to the modelling of REL(-12°C) over a period of two years, and taking into account 

the low probability of occurrence a frost of -12ºC, we conclude that frost sensitive periods 

(shown in table 3.3 by light-grey cells) were abundant in P.pinea compared to J.oxycedrus 

and Q.ilex during both autumn and spring. Our simulation showed that November can be a 

sensitive period mainly for P.pinea. The lowest temperatures recorded during the two year 

period (< -7ºC) occurred at the end of November-early December. Although December was in 

general a month of low frost risk for the three species, our simulation indicated an interesting 

inter-annual variability in REL(-12). The contrasting minimum temperature in December 

between years (mean Tmin 3.3 and -3.4ºC in 2012 and 2013 respectively), revealed the lowest 

predicted REL(-12) of the three species in P.pinea. This fact suggests a strong effect of Tmin on 

the acclimation process for this species compared to the others.  

Regarding the spring time, night frosts in April and May were less common than in autumn. 

P.pinea showed much more sensitivity to frost than the other species, mainly during the night 

frosts that took place in April concurring with a relatively high Tmin_15 around 3.0 °C and 

Tmin<0.  

We conclude that P.pinea is in disadvantage with the other species for two reasons. First, 

according to our simulation, this species showed higher sensitivity to frost than the other two 

species during longer periods in both autumn and spring. Previous studies comparing different 

Mediterranean pines also indicated a low frost tolerance in this species (Climent et al. 2009). 

Second, according to the ontogenetic stage, different needles (primary and secondary), make 

younger P.pinea trees with primary needles less frost tolerant (Pardos et al. 2014). Damage by 
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autumn frosts on recently germinated seedlings (i.e. current autumn) of P.pinea, would likely 

result more harmful in this species than in regeneration of J.oxycedrus and Q.ilex which 

would be affected to a lesser degree. Although spring time has been considered as risky as 

autumn in terms of frost damage (Larcher 2005), our results showed that leaf tissues of 

J.oxycedrus and Q.ilex are tolerant enough to cope with early frosts in spring. Furthermore, 

species with similar life form and habitat range may also have different reproductive 

strategies (Grubb 1977). Thus, under the most unfavourable conditions (i.e. a very late frost 

event), the regeneration ability of resprouting from roots and/or stems  makes J.oxycedrus and 

Q.ilex better adapted to atypical cold events than obligate seeder species such as P.pinea 

(Ferrio et al. 2003; Baquedano and Castillo 2007, Jalili et al. 2010). In this regard J.oxycedrus 

is tolerant to cold, although its resprouting capacity in central locations of Spain is rather 

limited (Pausas et al. 2009) compared to that of Q.ilex. 

Moreover, comparative studies on the photosynthetic performance of natural regeneration of 

P.pinea, J.oxycedrus and Q.ilex in this same area highlighted a tolerant behavior to stress 

conditions (high irradiance and drought) in J.oxycedrus and Q.ilex, while P.pinea showed a 

high sensitivity especially to drought (Mayoral et al. 2015). In this regard, without taking into 

account an adaptive response, i.e. a change in the genetic composition of the populations 

(Kramer et al. 2000), we conclude that J.oxycedrus and Q.ilex could be more tolerant to new 

climatic conditions showing no regeneration problems in the study area, whereas P.pinea is 

the most sensitive to the expected climate change. 

Our findings are consistent with predictions for xeric conifers and sclerophyllous evergreen 

species that are expected to considerably increase their range of distribution due to climate 

change (Ruiz-Labourdette et al. 2012). We conclude that, in terms of low temperature 

tolerance, J.oxycedrus and Q.ilex could apparently be suitable species to migrate towards 

higher altitudes and latitudes (Lenoir et al. 2008), or remain at the same altitude spreading 
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their distribution range by competing with species less adapted to unpredictable freezing 

episodes such as P.pinea.  
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IMPLICATIONS OF DIFFERENT WATER USE STRATEGIES IN COEXISTING 

TREE SPECIES RESPONSES TO VARIATION IN WATER AVAILABILITY  

 

Autores:  

Carolina Mayoral, Pilar Pita, Marta Pardos, Oliver Brendel and Mariola Sánchez-González 

Published in:  

In preparation 

Specific aims:  

Determining the drought effect at the whole plant level at the very beginning of the seedling 

stage 

 Determining inter-specific differences under two watering regimes in the physiology 

of species (hydraulic conductivity of roots, gas exchange, leaf water potential, 

photochemical efficiency of PSII), root morphology and biomass allocation 

 Determining the hydraulic strategy of each species 

 Identifying degrees of tolerance to drought 

 Plasticity index 

Data: 

 3 species 

 20 plants per species 

 2 watering regimes 

 LVDT sensors (recording stem diameter variations every 15 min) 

Variables: soil water content at 20, 40 y 120 cm, plants' height, allometry, roots: morphology 

and distribution, SRL, RMD, MDS, relative growth, hydraulic conductivity of roots 

Analyses: 

 RMANOVA, ANOVA, ANCOVA 

 Linear regression 

Key findings: 

The set of morphological and physiological traits exhibited by J.oxycedrus make to this 

species the most drought resistant under controlled conditions (in greenhouse), while P.pinea 

is the most sensitive of the three studied species. We found a continuum of hydraulic 

strategies in these three species. P.pinea showed the most isohydric behaviour opposite to that 

of J.oxycedrus (strongly anisohydric). Q.ilex occupies an intermediate position between the 

other two species. 
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Abstract 
 

The ability of Mediterranean trees to grow and survive during drought periods is determined 

by the water use strategy used by each individual. To achieve a positive balance in net 

photosynthesis plants need an adequate water status. Xylem hydraulic properties play a 

fundamental role in supporting CO2 assimilation and determining sensitivity to environmental 

conditions. Here lays the importance of the carbon assimilation vs. water conservation trade-

off. In this study we evaluated how the different hydrological niches occupied by three 

coexisting Mediterranean tree species may influence the regeneration phase of mixed forests. 

We examined inter-specific differences in physiology, morphology, biomass allocation and 

root architectural traits and their relationship with water use strategies in seedlings of 

contrasting co-occurring species. To address our aim, we carried out a greenhouse experiment 

with current year seedlings using 1.5 m high pots to avoid growth constrain in roots from 

march to the end of June, applying two watering regimes (moist and dry). Concurrently, we 

monitored physiological performance of seedlings from the same tree species in the field 

throughout decreasing soil moisture natural conditions. The results showed a continuum in 

water use strategies, suggesting important mechanisms underlying species coexistence in 

water-limited ecosystems. 

Keywords: Ecophysiology of Mediterranean seedlings, LVDT sensors, drought, root hydraulic conductivity, root system 

architecture, allometry, Pinus pinea, Quercus ilex, Juniperus oxycedrus 
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4.1. INTRODUCTION 

With the speed of anthropogenic climate change, the ecological amplitude for adaptation of 

many species can be affected, thus, the current regeneration niches of many species are 

expected to change (Williamson et al., 2009). However, the forecasted poleward migration of 

the species (Woodall et al., 2009; Ruiz-Labourdette et al. 2012) can be an over simplification 

of what is a more complex phenomenon of interactions among temperature and precipitation 

that affects species differently (van der Wal et al. 2013). In this regard, either the capacity of 

adaptation to environmental stresses or the ability to compete for limited resources of a single 

species in a mixed forest can determine variations in species composition and distribution.  

In the Mediterranean ecosystems, water availability has generally been the most limiting 

factor for plants (Olmo et al. 2014). However, the climatic scenario, characterized by 

extended periods of water scarcity together with higher temperatures (Christensen et al. 2007 

Regional Climate projections IPCC) may lead to an increasing competition for the water 

resources, which in turn may jeopardize growth and survival especially in younger plants 

(Matzner et al., 2003). 

The ecophysiological and morphological traits specific to each species are strongly related to 

where species can emerge, which species can coexist, and how they respond to environmental 

conditions (Mitchell et al., 2008; Duan et al., 2015). In this regard, the understanding of the 

ecophysiological and morphological response of different species to changes in water 

availability can be essential for predicting changes in species distribution, community 

composition, and forest productivity under global change conditions. 

Different studies have found evidence of impacts of drought by altering partitioning of 

biomass between above- and below-ground plant components (Hernández et al., 2010; 

Waghorn et al., 2015). This is because plants assume a trade-off in the ability to compete for 
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the above- and below-ground resources, investing more biomass to structures involved in the 

acquisition of the most limited resources (Aerts et al., 1991). However, although the effect of 

strong droughts seem to increase root biomass over shoot biomass (e.g. Olmo et al. 2014), this 

effect is not so clear under moderate drought (Pardos et al. 2006), often resulting in 

contradictory results among different studies (Meier and Leuschner, 2008; Achten et al., 

2010). In addition to root allocation, drought can also modify several morphological traits 

such as root surface area, root volume, root tissue density or specific root length (SRL) 

(Comas et al., 2013). SRL is one of the most commonly measured parameter of roots because 

it allows characterizing the economic aspects of root systems (Ostonen et al., 2007). SRL is 

an indicator of how much root length is built per unit of root mass, maximisation of the SRL 

increases the root-soil interface, and thus the root absorption capacity (Larcher 1995), which 

is an advantage when water availability is low.  

The diametrical distribution of roots in woody plants can also be affected by drought. In 

general, the average root diameter (RD) trends to decrease with drought (Hernández et al., 

2010). Moreover, roots of different diameters are likely to have different functional roles 

within the plant (Eissenstat et al. 2000). Coarse roots (root diameter >2 mm) are responsible 

for anchoring the plant to the soil and for carbohydrate and nutrients reserves (Comas et al. 

2013). Fine roots (0.5 to 2 mm) are involved in water and nutrient transport. Very fine roots 

(<0.5 mm) play an important role in the soil exploration for water uptake and nutrient 

absorption because of their high surface to volume ratio (Olmo et al. 2014). Some studies 

have suggested that fine roots reflect responses of plants to stress conditions that may not be 

perceptible in aerial parts (Vogt et al.1993), exhibiting shorter lifespan (McCormack and Guo, 

2014) and more rapid and intense responses to stress than roots from other diametrical classes 

(Ostonen et al. 2007; Brunner et al., 2015). 
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On the other hand, the absorption capability of roots not only depends on the soil-root 

interface but on the resistance of the root system to water flow, defined by the hydraulic 

conductivity of roots (Doussan et al., 1998). Some species form new roots sooner than others 

and those that form roots more quickly have higher hydraulic conductivity (Carlson and 

Miller, 1990). The distribution of hydraulic resistances in roots depends on factors such as the 

total root surface or the diameter and number of xylem conduits in the roots. Generally, the 

axial resistance to water flow in roots is lower than the radial resistance (around two to three 

times). This is because axial flow is carried by vessels or tracheids whereas radial flow 

involves the path of water through non-vascular tissue. It is often assumed that the main 

resistance to water uptake in root systems appears to be the radial resistance from the fine root 

surface (Tyree 2003). Thus, the plant water status is controlled by environmental factors such 

as vapour pressure deficit and water availability in the soil, and also by the xylem hydraulic 

properties of the plant. Species with high hydraulic conductivity (low resistance to water 

flow), use to show a high vulnerability to cavitation under low water availability (Bogeat-

Triboulot et al., 2002). The most efficient response against cavitation is the stomatal closure 

(Froux et al., 2005), which in turn prevents from xylem embolism but also decrease the net 

photosynthesis rate. The species that show this behaviour -rapidly decrease stomatal 

conductance while maintaining high water potential- are considered to depict an isohydric 

strategy. Other species exhibit an anisohydric strategy, with less strict stomatal regulation 

lower values of xylem water potential, thus the can extend gas exchange further into the 

drought (Skelton et al. 2015). These species tend to be more resistant to cavitation and have 

denser woods (Meinzer et al. 2008).  
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Therefore, the balance between the stomatal regulation and the xylem hydraulic properties 

plays an important role in the distinction of water regulation niches and ecological strategies 

of species (Bogeat-Triboulot et al., 2002). 

In addition to stomatal regulation, living cells of the stem can serve as water storage 

compartments to alleviate imbalances between water loss and uptake (Meinzer et al). The 

outflow of stem stored water into the transpiration stream works like a buffering. Internal 

water reserves from stems are depleted daily and subsequently replenished overnight, causing 

morning shrinkage and evening swelling on the stem diameter (Steppe et al., 2012). In this 

regard, linear variables transducer sensors (LVDTs) have extensively been used  to measure 

these daily stem variations in relation to changing levels of hydration in addition to radial 

stem growth (see for instance Parladé et al., 2001; Daudet et al., 2005; Šimpraga et al., 2011). 

Furthermore, the maximum daily shrinkage (MDS) can be calculated from the LVDTs 

records and is a water stress indicator that normally tends to be higher in stressed plants. 

Tree species differentiate in their root distributions, xylem vulnerability to cavitation, leaf 

phenology, and other traits that together characterize a species’ hydrological niche (Kukowski 

et al., 2013). It can be expected that species co-occurring in a mixed forest show different 

tradeoffs between growth and survival (Cuny et al., 2012) according to their life strategies and 

adaptive mechanism to cope with stress conditions. Since it is unclear to what extent co-

occurring species separate out into the isohydric-anisohydric dichotomy (Skelton et al. 2015), 

the aim of this study was to understand the water use strategies of coexisting Mediterranean 

species in central Spain. In this regard, different water use behaviours can lead to inter-species 

competition under water stress conditions. We carried out a comparative greenhouse 

experiment with two conifers and one broadleaf evergreen species that exhibit different 

reproductive strategies (seeder vs resprouting species), leave shape (broad- or needle- shape), 

and growth rate (medium-slow-very slow growing species). 
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We hypothesized that (i) the water use strategies may differ between coexisting species; (ii) 

the set of morphological and physiological traits species-specific are related to different water 

use strategies; (iii) low water availability has the same effect on species with different water 

use strategies. 

 

4.2. MATERIAL AND METHODS 
 

4.2.1. Plant culture and watering protocol 
 

Seeds from the three species under study were collected as a pool sample from different 

regions of provenance. Juniperus oxycedrus L. (prickly juniper) came from two different 

regions Paramos del Duero Fosa de Almazan (41º 37´ 56´´N, 2º 56´ 29´´W) and ‘Serranía de 

Cuenca (40°14'10.7"N, 1°51'31.8"W) while Pinea pinea L. (stone pine) and Quercus ilex 

L.(holm oa ) came from ‘Cuenca de Madrid (40°38'16.4"N, 3°53'56.2"W). To guarantee 

success in the emergence of J.oxycedrus, seedlings of this species were provided by a nursery 

as rooted hardwood cuttings. Then, 20 J.oxycedrus seedlings and 20 germinated seeds with 

emerging radicles (2 cm) of Q.ilex and P.pinea were transplanted at the end of February to 

PVC pots of 1.5 m height and 15 cm diameter, filled with perlite-peat mix (1:1, v/v). Such 

deep pots minimise any change in organ allocation and allow deep root development in 

contrast with other pot sizes where roots are constrained to grow longitudinally. The trial was 

carried out at the School of Forestry (ETSIM, Polytechnic University of Madrid), in a 

greenhouse equipped with a cooling system. Shoot diameter was marked on each seedling 

about 2.5 cm above the substrate. 

In order to simulate environmental field conditions, we gradually decreased water availability 

to avoid the commonly used experimental design of abruptly depriving potted plants of 
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irrigation and inducing artificial responses that can lead to an overestimate of the current 

water stress suffered by the plants (Trifilo et al., 2004). Normally, during spring in the 

Mediterranean region, soil water storage progressively decreases so that water stress develops 

in plants in late April to May when rainfall is greatly reduced and maximum air temperatures 

exceed 25 °C. All seedlings were watered and kept at field capacity from the transplantation 

date until the successful establishment was guaranteed at the beginning of April. On April 9, 

two differential watering regimes (control and tested) were applied to each half of the sample 

(30 plants per watering regime). Control plants (C) were watered three times per week (290 

ml x 3days), while tested plants were watered only once per week (290 ml). During the 

experiment, high water percolation was observed indicating low-water-holding capacity of the 

substrate. From May 14 on, the volume of water supply was calculated for each seedling, 

targeting a water content of 20% for the control plants (C) and 10% for the tested plants 

(T).The estimated water volume was divided into three parts and supplied three times a week 

(Monday, Wednesday and Friday) for the control plants and only on Monday for the tested 

plants. Measurements were done on Mar 28, Apr 23, May 7, May 14, May 21, May 28 and 

Jun 11. Since our protocol was to progressively reduce the water content down to 10%, the 

tested plants could not reach such a value at once, and then water supply for the tested plants 

was calculated from the species which exhibited the maximum average water content of the 

tested plants. 

4.2.2 Greenhouse climatic conditions and plant monitoring 
 

During the experiment, which lasted until early July, maximum and minimum daily 

temperature and relative humidity were recorded throughout the period (ranging from 10.5 to 

37.5 ºC and 20 to 96% respectively). The volumetric soil moisture of each pot at 20, 40 and 

120 cm depth was monitored on 8 dates using a time-domain reflectometer (TDR; 
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HydroSense CS620, Campbell Scientific Inc., USA) with two 75 mm length sounding lines. 

The seedlings’ height was measured on 5 dates.  

Variations in stem diameter were recorded with linear variable displacement transducer 

(LVDT 2.5 DF; Solartron Metrology; Bognor Regis, UK) connected to a datalogger (CR 

1000, Campbell Scientific Ltd UK).  LVDT sensors were attached to the stems in 3 or 4 

plants/species/treatment, by means of a custom-made stainless holder once they were enough 

developed by the end of May. The LVDT measurements were recorded as 15-min means. 

Data recorded from each seedling were processed to calculate the maximum daily shrinkage 

(MDS), the difference between the maximum (measured in the morning before midday) and 

the minimum (typically reached at midday or in the evening) of each daily curve; and the 

average daily growth (DG), the difference between the maximum stem diameters measured on 

two consecutive days. 

4.2.3 Biomass allocation and root morphology 
 

All seedlings were harvested at the end of the experiment (July, 2). The entire root systems 

were carefully extracted by digging and manually removing soil material around the roots. 

Then they were  washed under running water, submerged into transparent trays with water 

where the root mass were spread out to minimize overlapping and then cover with a 

transparent acetate film before scanning EPSON EXPRESSION 10000XL.  Scanned images 

of roots were analysed using Winrhizo software package (Regent Instruments, Inc., Quebec, 

QC, Canada) to calculate root surface area (RSA), root volume (RV), average diameter of 

roots (RD), total length of roots (RL), and length by diameter classes -diameter  < 0.5 mm 

(very fine roots): RL D<0.5; diameter from 0.5 to 2 mm (fine roots): RL0.5<D≤2; diameter >2 mm 

(coarse roots):RLD>2 - and the ratio between the length for each diametric class to the total 

length. Leaves and needles from the branchlets used for gas exchange measurements were 
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also scanned in order to estimate the foliar surface used in gas exchange measurements. 

Finally, each biomass fraction (belowground and aboveground) was oven dried at 65ºC for 48 

h in order to estimate biomass allocation and the ratio of above- or belowground biomass to 

total biomass. Dry weights of root mass (RM) and shoots including leaves (AM) were 

recorded. Specific root length (SRL) -the length-to-mass ratio- was also determined. Leaf area 

was analysed using WinFolia software (Regent Instruments, Quebec, Canada) . 

4.2.4 Physiological performance in the greenhouse 
 

Physiological traits were measured at the end of the experiment in branchlets from all 

seedlings.  Net photosynthetic rate (An, µmol CO2 m
-2

 s
-1

),  transpiration rate (E, mmol H2O 

m
-2

 s
-1

) and stomatal conductance (gs, mmol m
-2

 s
-1

) at saturating light (1400 µmol m
-2

 s
-1

) 

were measured in the morning using a portable photosynthesis system LcPro (ADC 

BioScientific  td., UK). Predawn leaf water potential (ψ, MPa) was measured with a pressure 

chamber (Scholander PMS 1000, Instruments Co, Corvallis, USA) and photochemical 

efficiency of photosystem II in dark-adapted leaf at predawn (Fv/Fm) was measured with a 

FMS2 portable fluorometer (Hansatech, UK). Hydraulic conductance of the root system (kr, 

kg s
-1

MPa
-1

) was measured after shoots were cut about 40 mm above the soil surface without 

removing it from the substrate and connected to the high pressure flowmeter (HPFM, 

Dynamax, Houston, TX). Pressure was increased up to 0.5 MPa while water flow (kg s
-1

) and 

pressure (MPa) were measured every 2 seconds, kr was computed from the slope of the last 

points (corresponding to the range 0.4–0.5 MPa where the regression is linear).kr, which is an 

integrative measure of the stress degree to which plants have been subjected throughout the 

whole experiment (Martínez-Ballesta et al., 2011), was normalized by several root traits 

(RSA, RL and RM) to obtain specific hydraulic conductivity for analyses. We used Kr/RSA as 

an indicator of the radial resistance which is assumed as the main barrier for water flow in 

young roots (Tyree, 2003). 
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4.2.5 Field measurements  
 

Concurrently to the greenhouse experiment, 12 seedlings per species  ranging from 20 to 50 

cm in height were randomly chosen in a typically continental Mediterranean mixed forest co-

dominated by the three species under study. The area was located in the Tiétar and Alberche 

Valleys, central Spain (40º20'22.34''N, 4º22'3.83''W), 800 m above sea level, on sandy soils 

and gently sloping terrain (around 12 %). In order to contrast and validate the greenhouse 

results, we measured gas exchange and took samples from needles and leaves to estimate 

SLA of each seedling on 4 dates: April 1, April 27, May 24 and June 22.Gas exchange 

measurements (An, gs and E) were carried out from 11:00 to 14:00 pm. The ratio of variable to 

maximum chlorophyll fluorescence (Fv/Fm) and leaf water potential (ψ) were measured at 

predawn. 

4.2.6 Data analysis 
 

Repeated measures analyses (RMANOVA) were used to explore variations in variables 

measured throughout the experimental period in the greenhouse (soil moisture and plant 

height) and in the field (all physiological variables measured). Two-way ANOVAs (watering 

regimes and species as factors of two and three levels respectively) were used to analyse the 

physiological and morphological variables obtained in the greenhouse. We included tree size 

as covariate (ANCOVA) in the analysis of the biomass allocation variables since the plant 

allocation patterns are size-dependent (Weiner, 2004). We used shoot height at the beginning 

of the drought treatment as a measure of the tree size. Differences on each variable between 

watering regimes and species were determined by Tur ey’s HSD test for linear models (P < 

0.05). Pearson correlation analyses were used to analyse the relationships between variables.   
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Data recorded by LVDT sensors were corrected to the same initial zero value and used to 

calculate the mean values of stem diameter increments every 15 min for each lot of seedlings. 

Straight lines were fitted by linear regression to detect growth differences among seedlings 

from different species and irrigation levels. We also calculated the relative growth every 15 

min standardized to the maximum stem diameter observed in each seedling until June 25 at 

20:30 pm (moment in which we started the preparations for predawn physiological 

measurements and several outliers were found probably due to sensor movements). We 

selected 4 short periods of several days (3 of them with high temperature and 1 cloudy and 

rainy period) in which there were markedly different species' behaviors to analyze the daily 

relative stem shrinkage and swelling of each species. 

All calculations and statistical analysis were performed with PROC MIXED and PROC 

CORR with SAS 9.2 (SAS Institute Inc., Cary, NC, USA). 

Lastly, we calculated the plasticity index for the different root traits using an easy method 

proposed by Valladares et al. (2006) useful to compare species (Olmo et al. 2014): 

Plasticity index = (maximum value–minimum value/maximum value)                            eq. 4.1 

This index varies between 0 and 1 and considers the values of the two watering regimes 

(control and tested). Plasticity index values close to zero indicate that the root trait exhibits 

low plasticity in response to changes in water availability. A mean root plasticity index was 

calculated, as the mean of all the root trait plasticity indexes for each species. 

 

4.3. RESULTS 
 

4.3.1 Soil moisture evolution and irrigation levels 
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Figures 1a, 1b and 1c show the average soil moisture SM on 7 dates (Mar 28, Apr 23, May 7, 

May 21, May 28 and Jun 11) at three depths of the pot (20, 40 and 120 cm) for each irrigation 

level. The onset of differential watering regimes was on April 9, while individualized water 

supply started on May 14. The repeated measures analysis of variance for SM was 

independently carried out for each depth due to the large number of factors involved (date, 

species, depth and treatment) and the complexity to interpret their interactions (Table 4.1).  

 

 

 

 

 

 

As expected there were no statistical differences between watering regimes on the first 

measurement (Mar 28) at any depth.  J.oxycedrus showed higher SM compared to the other 

two species (P<0.008) at 20 cm (upper part of the pot) on the first three measurements. The 

effect of differential watering regime at 20 cm was observed on J.oxycedrus from the second 

measurement onwards, while Q.ilex showed differences from the third measurement. In 

contrast, P.pinea did not show differences in SM between watering regimes at 20 cm. On the 

two first measurements, SM at 40 cm deep showed no statistical differences between species 

or watering regime, while from May 7 onwards the effect of watering regime was substantial, 

tested plants show much lower SM (P<0.02) than control plants in the three species, however 

the SM between species did not differ. At 120 cm no statistical differences between species or 

treatment were found.  

  

20 cm 40 cm 120 cm 

 

DF F-value P>F F-value P>F F-value P>F 

species 2 1.66 0.0091 0.82 0.4448 0.98 0.3832 

treatment 1 12.00 0.0002 30.75 <.0001 0.00 0.9586 

date 6 193.31 <.0001 149.76 <.0001 97.84 <.0001 

sp*treat 2 0.42 0.3968 0.26 0.773 0.36 0.6994 

sp*date 12 0.20 0.7996 0.43 0.9488 0.42 0.9542 

treat*date 6 8.36 <.0001 12.42 <.0001 1.96 0.0704 

sp*treat*date 12 0.63 0.936 1.24 0.2523 1.17 0.3007 

Table 4.1 Repeated measures ANOVA for comparison of soil moisture at three 

different depths, 20 cm (upper part of the pot), 40 cm and 120 cm. 
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Fig 4.1 Soil water content evolution throughout the experiment (Mar 28, Apr 23, May 7, May 14, May 21, May 

28 and Jun 11) at three depth levels (20, 40 and 120 cm) from the root collar.  
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4.3.2 Tree size and biomass allocation 

 

There were differences between species in tree size (shoot length) at the beginning and ending 

of the drought-imposed treatment (P<0.0001), whereas there were no drought effect on the 

shoot length (Fig. 4.1d). Shoot length ranged from 83 to 103 mm in J.oxycedrus, 52 to 148 

mm in P.pinea and 115 to 337 mm in Q.ilex. There were significant differences in dry 

biomass fractions and total biomass among species (Table 4.2), in addition, although there 

were not statistical differences between watering regimes, AM, RM and TM were always 

greater in the control plants (Fig. 2a). This same effect was also shown on each biomass 

fraction referred to the total biomass (Table 4.2). The covariate tree size, measured as the 

shoot length at the beginning of the treatment application, showed a significant positive effect 

on the biomass fractions. 

 

 

 

 

 

 

 

 

 

 



CHAPTER 4: Water use strategies 

112 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Species Treatment Interaction COV-Direction  R
2
 

Biomass and proportions 
     Aerial biomass (AM) <.0001 0.5326 0.6042 0.0003  ↑ 0.55 

Root biomass (RM) <.0001 0.2151 0.6873 <.0001  ↑ 0.80 

Total biomass (TM) <.0001 0.397 0.6388 <.0001  ↑ 0.67 

AM/RM <.0001 0.0206 0.4201 0.4711   - 0.68 

AM/TM <.0001 0.0321 0.9151 0.5682   - 0.64 

RM/TM <.0001 0.0321 0.9151 0.5682   - 0.64 

SLA <.0001 0.0335 0.0229 

 

0.60 

Root traits 
     RD (average diameter) <.0001 0.0029 0.4379 

 

0.57 

RV (cm3) <.0001 0.0052 0.4178 

 

0.59 

RMD (g/cm3) <.0001 0.0157 0.4051 

 

0.60 

SRL (m/g) <.0001 0.8983 0.7429 

 

0.77 

Root diameter distribution 
     RL D<0.5/RL 0.0755 0.0064 0.6355 

 

0.21 

RL 0.5<D≤2/RL 0.0054 0.0284 0.8441 

 

0.25 

R D>2/RL <.0001 0.1805 0.5936 

 

0.36 

Physiology 
     An (µmol CO2 m

2
 s

-1
) 0.2073 0.6942 0.8325 

 

0.07 

gs  (mmol m
2
 s

-1
) 0.6946 0.7357 0.7523 

 

0.02 

E (mmol H20 m
2
 s

-1
) 0.0001 0.8168 0.6099 

 

0.33 

WUE <.0001 0.4677 0.4008 

 

0.36 

ψ (MPa) <.0001 0.0192 0.0292 

 

0.64 

Fv/Fm <.0001 0.0538 0.8327 

 

0.62 

kr/RSA 0.0008 0.615 0.8755 

 

0.25 

Kr/RL <.0001 0.884 0.9837 

 

0.31 

Kr/RM 0.0002 0.921 0.8566 

 

0.29 

LVDTs 
     MDS <.0001 <.0001 <.0001 

 

0.18 

DG <.0001 0.8752 0.8971 

 

0.32 

Table 4.2 Results of a two-way ANOVA in which the effect of species, irrigation level and their 

interaction (Species × treatment) on the different variables studied are shown. Biomass variables were 

analysed by a two-way ANCOVA using shoot height as covariate. 



CHAPTER 4: Water use strategies 

113 
 

 

 

Fig 4.2 Mean ± SE of the variables studied. Different letters indicate differences among species (lowercase) or 

irrigation level (uppercase) according to the Tu ey’s HSD test after carrying out two-way ANOVAs. Jo: 

Juniperus oxycedrus; Pp: Pinus pinea; Qi: Quercus ilex; C: control plants, T: tested plants. 
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4.3.3 Roots: morphology, distribution and plasticity index 

 

In order to compare species' traits and the effects of different watering regimes, we classified 

the root morphology according to diameter. We found statistically significant differences 

among species in the root length RL corresponding to each diameter class, represented by the 

ratios coarse roots to total roots (RLD>2/RL) and fine roots to total roots (RL 0.5<D≤2/RL) 

(Table 4.2). However, there were no differences between species in the most dynamic root 

fraction, expressed by  the ratio between very fine roots and total roots (RLD<0.5/RL), whereas 

there was a drought effect on this root fraction (Table 4.2), with RLD<2/RL higher in tested 

plants than in control plants (Fig. 4.2b).  

Our results indicated statistically significant differences between species in RD, RV, RMD 

and SRL (Table 4.2). Differences between watering regimes in RD were observed in P.pinea 

and Q.ilex, where the tested plants decreased RD. Differences between watering regimes in 

RV were shown only for Q.ilex in which RV also decreased with drought (Fig. 4.2c). RMD 

increased with drought in J.oxycedrus and Q.ilex. There was no drought effect on SRL. 

The plasticity indexes estimated for the root traits RD, RV, RMD and SRL (which vary from 

0 to 1, closer to 0 indicates less plasticity), showed that RD was the trait which showed a 

closer value to 0 and the only trait lower than 0.5 for the three species; whereas RV was 

higher than 0.8 for all species. In order to compare species we calculated the mean of all the 

root trait plasticity indexes for each species. Q.ilex exhibited the highest mean plasticity index 

(0.72) followed by P.pinea (0.66) and J.oxycedrus (0.49). 

 

4.3.4 Physiological performance 
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We measured physiological variables in the greenhouse to evaluate the plants’ status at the 

end of the vegetative period after applying two watering regimes during approximately 2.5 

months. Concurrently, physiological measurements were carried out in the field on four dates 

which showed decreasing soil water content.  On the first measurement in the field (April 1), 

soil moisture was maximum with a value of around 20%. On this date P.pinea exhibited two-

fold greater net photosynthesis rate An than the other species (7.6 µmol CO2 m
2
 s

-1
) (Fig. 

4.3a). The Tukey's post hoc test grouped P.pinea in a different class than the other two 

species during the three first measurements, although on June 22 (5% soil moisture) An in 

P.pinea decreased down to 2.4 µmol CO2 m
2
 s

-1
. Q.ilex and J.oxycedrus exhibited less 

variations in An than P.pinea and lower values when soil water content was not limiting, 

ranging from 4.4 to 1.9 and from 3 to 1.5 µmol CO2 m
2
 s

-1
 in Q.ilex and J.oxycedrus 

respectively. There were no differences in An among species in the last measurement.  

When soil water was abundant, P.pinea also showed the highest transpiration rates E, 

although significant differences between species were only found at the end of April (Fig. 

4.3b). Q.ilex showed the highest E in the last measurement, concurring with the lowest soil 

moisture. J.oxycedrus showed similar E to that of Q.ilex except in the last measurement.  

As for stomatal conductance gs, the lowest values were shown by J.oxycedrus throughout the 

whole period (Fig. 4.3c). P.pinea showed the highest gs on those measurements with high soil 

moisture (April 1 and April 27), while Q.ilex exhibited the highest gs on the measurements 

with low soil moisture (May 24 and June 22). Differences in gs between species were only 

found in the last measurement on June 22, where Q.ilex was grouped in a different class by 

the Tukey's post hoc test regarding the others species.  
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Fig 4.3 Physiological variables measured in the field on 4 dates (Apr1, Apr 27, May 24 and 22)of decreasing soil 

water content (19.7, 20.3, 6.8 and 5 % respectively). 

 

As for water use efficiency WUE, we found differences between species in the last two 

measurements; P.pinea showed the highest WUE of the three species with the exception of 

June 22 where J.oxycedrus exhibited an interesting behaviour -the highest WUE- (Fig 3d). 

Overall, predawn Fv/Fm was higher in P.pinea (close to the optimal value of 0.83, lower 

values indicate photoinhibitory stress (Maxwell and Johnson2000)) (Fig. 4.3e). The lowest 
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Fv/Fm was found in Q.ilex on the first measurement, although there was high Fv/Fm 

variability on this date. Q.ilex showed high Fv/Fm and similar to that of P.pinea on the 

measurement with lowest soil moisture, whereas J.oxycedrus showed very low values on this 

date. Predawn ψ was similar for the three species except in the last measurement where each 

species behaved different to each other (Fig. 4.3f).  

 

Physiological variables measured in the greenhouse showed quite similar behaviour to that of 

the last measurement in the field. There was no significant effect of the watering regime on 

the gas exchange variables (An, gs, E nor WUE) in the greenhouse, neither between species in 

net photosynthetic rate or stomatal conductance (Table 4.2). In agreement with the last field 

measurement J.oxycedrus showed the highest WUE in the greenhouse. Regarding predawn 

Fv/Fm in the greenhouse we found differences between species. P.pinea showed the highest 

Fv/Fm and J.oxycedrus the lowest value in both watering regimes. However, Q.ilex showed 

similar Fv/Fm to that of P.pinea in the control plants while in the tested plants all species 

were different to each other (Fig. 4.2d). As for predawn ψ in the greenhouse, there were 

differences between species, watering regimes and in the interaction between both (Table 

4.2). P.pinea exhibited the less negative ψ of the three species, -0.58 and -0.88 MPa in control 

and tested plants, respectively. The effect of the watering regime on ψ was no significant in 

Q.ilex. We found an interesting behaviour in J.oxycedrus, showing and intermediate ψ 

between the other two species in the control plants, while in the tested plants J.oxycedrus 

showed the most negative value (-1.76 MPa) of the three species (Fig. 4.2). 

We found differences between species in the specific hydraulic conductivity of roots but no 

differences were found between watering regimes (Table 4.2). After scaling hydraulic 

conductance of the root system Kr by root surface area, root length and root mass, P.pinea 

was the most conductive of the species (Fig. 4.2). Although there were no differences 
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between watering regimes Kr/RSA decreased in Q.ilex and J.oxycedrus from the control plants 

to the tested plants. Q.ilex was more conductive than J.oxycedrus (but less conductive than 

P.pinea) when scaling Kr by RL (Fig. 4.4) while this trend was reverse when scaling Kr by 

RM (Fig. 4.2).   

 

 

 

Fig 4.4 Hydraulic conductivity of roots (Kr) vs total root length (RL) 

 

 

4.3.5 Daily stem diameter variations and growth 

 

The regression lines fitted to the increments in stem diameter every 15 min showed 

differences in slopes between species (P<0.0001) and watering regimes (P.pinea and Q.ilex 

P<0.0001, J.oxycedrus P=0.01). P.pinea showed the greatest and faster stem growth (Fig 

4.5b), followed by Q.ilex. The slowest stem growth was shown by J.oxycedrus. Recovery 

periods for water-stressed seedlings were clearly defined by noticeable changes in diameter 
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increase, whereas regularly irrigated seedlings showed continuous and stable growth. Control 

plants (Fig 4.5b) showed higher slopes than tested plants (Fig. 4.5b) in the three species.  

 

 

 

Fig 4.5 (a) Maximum and minimum temperature during the LVDTs recording. (b) Relative increments of stem 

diameter in tested and control plants every 15 min. (c) Maximum daily shrinkage (MDS) in tested and control 

plants. 
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Concerning MDS, each species behaved different to each other (P<0.0001). P.pinea showed 

the highest values of MDS of the three species in both watering regimes, with an average 

MDS of 17 and 37 µm in control and tested plants respectively. The lowest average MDS was 

exhibited by J.oxycedrus with 13 and 32 µm in control and tested plants respectively, while 

the average MDS in Q.ilex was rather similar in both watering regimes, around 18 µm. As for 

DG each species behaved different to each other (P<0.0001) with the greatest average DG 

exhibited by P.pinea (31 µm), followed by Q.ilex (21 µm) and J.oxycedrus (7 µm). However, 

there were no differences in DG between watering regimes. Negative DG indicates negative 

water balance and was detected on 24 occasions in J.oxycedrus and on 11 and 6 occasions in 

P.pinea and Q.ilex respectively.  

The relative growth (which varies from 0 to 1), showed how tested J.oxycedrus suffered the 

greatest relative stem shrinkages of the three species (Fig. 4.6a), especially at the end of the 

experiment (maximum drought effect), concurrent with a period of high temperatures (Fig. 

4.5a). 
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Fig 4.6 (a) Average relative growth (RG) of each species (stem diameter 15 min/maximum diameter of each 

seedling on June 25). (b) RG during the first period with higher temperature than 35ºC. (c) RG during the second 

period of increasing temperatures. (d) RG in a rainy, cloudy and low temperature two-day period. (e) RG during 

the second period with the highest temperature, concurrently with the maximum drought effect at the end of the 

experiment. 

 

Figure 4.6 shows the average relative growth of each species by treatment for the whole 

period as well as for three specific periods of higher temperatures (Figs. 6b, 6c and 6e) and 

the only rainy and cloudy two-day period (Fig. 4.6d). We found different behaviours between 

species in the time at which the maximum daily stem swelling was measured before 

shrinking, while P.pinea and Q.ilex reached the maximum stem diameter at 11:00-12:00 pm 
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J.oxycedrus close stomata later, around 14:00-15:00 pm. Moreover, although the onset of 

stem swelling occurred more or less at the same time in the three species, during mid-morning 

J.oxycedrus exhibited an interesting J-shape curve opposite to the hump-shape curve shown 

by P.pinea and Q.ilex (Fig. 4.6b) easier to see on days May 29 and June 2. Figures 5a, 5c and 

6d show plants behaviour on rainy and cloudy days (June, 19 and 20). The lowest values of 

MDS and highest DG were measured these days in the three species. 

 

4.4. DISCUSSION  

The aim of this study was to replicate in a greenhouse the very beginning of the establishment 

phase (the most critical period for survival) in seedlings of three tree coexisting species 

subjected to two watering regimes, dry and moist. We decreased progressively the water 

content more severely in a half of the pots. The experiment was ended at the beginning of July 

in order to avoid any pot constrain to root growth and thus measure variables under similar 

conditions for the three species. Physiological and morphological traits of seedlings changed 

with drought and differed among species. We discuss these results in-depth below. 

 

4.4.1 Effect of water availability on seedlings performance  
 

Although generally plants respond to drought with decreasing aboveground biomass and 

increasing below ground biomass (Poorter et al. 2012), in our experiment the fractions of dry 

biomass (AM, RM and TM) did not respond to moderate drought. Our results are consistent 

with previous studies about interspecific variations in root traits under drought that did not 

find differences in biomass allocation to roots in some species, among them P.pinea and 

Q.ilex (Olmo et al. 2014). We conclude that results obtained under moderate drought could 
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differ under more severe drought conditions (Erice et al. 2010). As previously reported in 

other species (Meier et al. 2008), we did not find a drought effect on the ratio of above- or 

belowground biomass to total biomass in J.oxycedrus and Q.ilex, remaining more or less 

constant values between watering regimes. However, we found that P.pinea showed slightly 

higher relative root investment in control plants than in tested plants (Fig. 4.2a). This 

controversial fact could be related to a greater size effect on control plants of P.pinea (the 

greater the plant the faster the growth, especially at the beginning of the experiment when 

different watering regimes were still not applied). Despite all plants had similar size at the 

beginning of the experiment, as time went we found a great heterogeneity between plants' size 

irrespective of the watering regime. P.pinea control plants were greater than tested plants 

even before different watering regimes were applied. Thereby, we explain the behaviour of 

P.pinea because biomass partitioning should not only consider interactions of limited 

resources, but also tree size (Schall et al., 2012), in agreement with the significant effect of 

the covariate shoot length at the beginning of the treatment application. 

Although in general no significant treatment effect on biomass was observed, we found a 

drought effect on other variables. Seedlings in the drought treatment had a higher tissue 

density compared with seedlings in the well-watered treatment, and also a smaller root 

diameter for P.pinea and Q.ilex, as previously reported  in other woody species (Meier and 

Leuschner, 2008; Hernández et al. 2010; Comas et al. 2013). This latter effect was not found 

in J.oxycedrus, probably because of the extremely low rate of growth in this species. While 

P.pinea and Q.ilex showed significant differences in growth, J.oxycedrus might have needed 

more time to show these differences, although this fact does not mean that J.oxycedrus was 

not sensitive to low water availability. 

We found a thick root diameter in control plants of P.pinea together with the highest growth 

in stem diameter of the three species. We relate this result to the need for constructing a 
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higher section of xylem in P.pinea to obtain a proper sapwood area (tracheids) comparable to 

that of Q.ilex, which has intermediate vessels among the Mediterranean oaks (Corcuera et al. 

2004) but larger than tracheids. This trait allowed to P.pinea to fix more CO2 when water 

availability was not a limiting resource, as was also supported by the two first field 

measurements (Fig. 4.3d). Thus, resulting in an interesting greater amount of biomass 

allocated to the aerial fraction in P.pinea at both watering regimes. We explain this result 

because, as previously proposed, faster growing species have higher aerial mass fraction than 

slower growing species, as well as conifers have also higher aerial mass fraction than 

angiosperms (Poorter et al. 2012). In this regard, the ranking of aerial mass fraction allocation 

found in our study was in agreement with the above mentioned results, since although 

differences were not significant between J.oxycedrus and Q.ilex (Fig. 4.2a), the two conifers 

P.pinea and J.oxycedrus exhibited higher aerial mass fraction than the angiosperm Q.ilex.  

Furthermore, Hernández et al. (2010) found that resprouter species had higher root allocation 

than obligate seeder species. In this regard, our findings showed that resprouter species Q.ilex 

and J.oxycedrus allocated 45% and 40% of the total biomass to roots, whereas P.pinea 

allocated only 26%. 

On the other hand, when plants are subjected to drought, the ratio of very fine roots to total 

roots (the most dynamic fraction of roots) increases (Moser et al., 2014), changing faster with 

environmental changes (Olmo et al. 2014). P.pinea and Q.ilex increased this fraction of roots 

with drought. However, there was no species effect on this variable (Table 4.2), which could 

means that the three species showed similar values under both watering regimes. We conclude 

that all plants probably promoted development of new roots to increase water uptake during 

the last stage of the experiment, corresponding to the maximum cumulative drought effect.  

As for the water niche occupied by the species throughout the first months of life, the soil 

moisture profile in the pots (which is an indicator of the plants water uptake over time) 
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suggested that P.pinea did not use water from the upper part of the pot (20 cm) as much as the 

other species did (Fig. 4.1). Whereas soil moisture at 20 cm in J.oxycedrus and Q.ilex was 

higher in control plants from the beginning of May until the last measurement, P.pinea did 

never show differences between watering regimes at this depth (Fig. 4.1b). We speculate that 

this fact might be due to the faster growth of roots in P.pinea seedlings developing a long and 

thick tap-root to allow this species to penetrate deeper soil layers (Arduini et al., 1994). On 

the other hand, soil moisture in the upper part of the pots in J.oxycedrus was significantly 

higher than in the other two species during the first three measurements, suggesting a lower 

water use by J.oxycedrus that could be related to a slow growth and a smaller size of this 

species.  

Physiological results showed a contrasting behaviour in J.oxycedrus in the greenhouse 

compared to that in the field. J.oxycedrus showed the highest transpiration rate of the three 

species in the greenhouse, whereas in the field Q.ilex showed the highest transpiration rate 

and J.oxycedrus and P.pinea showed a lower rate (Fig 4.2d and 4.3). We explain this fact 

because in the greenhouse a regular irrigation was applied (at least once a week) compared to 

the field conditions. We conclude that despite the low water availability and high temperature 

at the end of the experiment in the greenhouse, this species did not appear to be as stressed as 

in the field, showing the highest net CO2 assimilation, transpiration rates and WUE. However, 

under field conditions the species' responses were different probably due to much more 

limiting water availability at shallow soil horizons. Thus, while J.oxycedrus seedlings did not 

find water for transpiration at all in the last measurement in the field, the strong resprouting 

character of Q. ilex which provides with deep-root system for the regeneration could confer an 

advantage with respect to the other two species, reaching deep horizons and finding water 

(Mayoral et al. 2015). This behaviour is supported by the high transpiration rate shown by 

Q.ilex in the field when soil moisture was very low. 
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4.4.2 Hydraulic regulation strategies  
 

Plant vulnerability during drought periods is determined by the water use strategy employed 

by each individual. The xylem hydraulic properties play a fundamental role in supporting 

growth and photosynthesis and determine sensitivity to environmental conditions. We found 

different trade-offs among species between carbon assimilation and water conservation, 

demonstrating that in these mixed forests there is a continuous axis from drought avoidance to 

drought tolerant water use strategies which allows the coexistence of the species.  

Our results showed contrasting strategies between P.pinea and J.oxycedrus suggesting 

different hydrological niches (Kukowski et al., 2013). For instance, the structural elements 

found in P.pinea, with thicker average root diameter and stem base diameter, allow an easy 

water flow from soil to leaves expressed by the highest hydraulic conductivity of the three 

species. In contrast, the lowest hydraulic conductivity was found in the species which 

exhibited the lowest stomatal conductance J.oxycedrus, which is in agreement with previous 

studies in other tree species (Pita et al. 2008). The dichotomy found between P.pinea and 

J.oxycedrus is consistent with other studies about drought resistance in conifers which 

suggested that species in the genus Pinus tend to be more vulnerable to xylem embolism than 

most conifers. On the contrary, conifers with a high resistance to xylem embolism are 

associated with low hydraulic conductivity, high wood density and high survival because of 

hydraulic safety (Oliveras et al. 2003; Poorter et al. 2010). In this regard, Juniperus species 

are known to have a great wood density compared to other conifers (Willson and Jackson, 

2006). 

Our results are also in agreement with other studies about the underlying physiological and 

morphological mechanisms used by coexisting tree species to survive or succumb to drought 
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(i.e. McDowell et al. 2008; Hernández et al., 2010; Kukowski et al., 2013). For instance, 

McDowell et al. (2008) found that in the piñon–juniper woodlands of the south-western USA, 

these two species represented opposite ends of the spectrum in their hydraulic response to 

drought. In this study, juniper exhibited similar traits (in terms of leaf water potential, 

transpiration rates and hydraulic conductivity) to that of J.oxycedrus in our study area, and 

piñon similar traits to that of P.pinea. In this case, after an acute drought in 2002, mortality in 

juniper (which depicted anisohydric behaviour) was 25%, opposite to that of piñon, which 

depicted isohydric behaviour and exhibited 95% mortality.  

On  the other hand, the existence of a trade-off between conductivity and security in the 

xylem was also proved by Martinez-Vilalta et al. (2002), who studied vulnerability to xylem 

embolism in 9 evergreen co-occurring woody species in a Spanish evergreen forest (Q.ilex 

and J.oxycedrus were among the 9 species). In agreement with our results, they found that 

Q.ilex was the most vulnerable to embolism, opposite to J.oxycedrus, which was the least 

vulnerable of the 9 species. 

We conclude that the hydraulic regulation strategy of P.pinea corresponds to that of an 

isohydric strategy, which is more likely to maximize carbon uptake when conditions are 

favourable, but to do so and to avoid hydraulic failure, P.pinea also need to maintain a closer 

control of transpiration and higher leaf water potential under drought conditions, as well as 

higher assimilation rates when conditions are favourable (Skelton et al. 2015). Anisohydric 

species such as J.oxycedrus tend to favour lower carbon uptake during longer periods, but 

with lower rates of water loss and lower values of leaf water potential, probably supported by 

a xylem highly resistant to cavitation. By contrast, Q.ilex has greater capacity to assimilate 

carbon during relatively dry periods but add a loss of efficiency in the form of reduced gas 

exchange potential during wet periods, as shown in the field measurements. At the same time, 

the higher specific root length in J.oxycedrus, related to the efficiency of roots in the soil 
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exploration and to water and nutrient acquisition (Ostonen et al. 2007), confers this species 

with a high capacity to resist moderate and severe drought conditions together with the ability 

to withstand the lowest water potentials.  

 

4.4.3 Implications of daily stem diameter variations in water use strategies of species 
 

Nighttime water flux in stems and leaves occurs due to water loss through transpiration, and 

when transpiration ceases a water potential gradient between leaf and soil remains. This water 

potential gradient drives water to refill the xylem water reservoir that was depleted during the 

daylight hours, and to a lesser degree by nighttime transpiration (Braekke and Kozlowski 

1975; Dawson et al. 2007). The use of LVDT sensors allowed the early detection of a 

differential growth response of seedlings to variation in water supply. In this regard, the 

results of average maximum daily shrinkage found in Q.ilex (shrinkage was similar in both 

watering regimes) pointed out that this species could either not be stressed or could be equally 

stressed in both watering regimes. The reason for this might be that roots probably reached 

the lowest third of the pot, where water content remained high and stable throughout the 

experiment (Fig. 4.1). 

 Our results highlighted a very interesting behavior in J.oxycedrus that exhibited a J-shape 

curve during mid-morning opposite to the hump-shape curve typically exhibited in continuous 

diameter growth curves reported in several studies carried out with different tree species 

(Luque et al. 1999; Parladé et al. 2001; Escalona et al. 2015) and also shown by the other two 

species. We speculate that this particular behavior could be due to two reasons. First, the 

broader water potential gradient between leaf and soil reached in J.oxycedrus would probably 

make to this species close stomata later than the other two species (in terms of both time and 

leaf water potential). Thus, replenishing xylem water stores and finding the water balance in 

P.pinea and Q.ilex could occur more easily than in J.oxycedrus due to a higher hydraulic 
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conductivity. Second, this J-shape effect may reflect the extremely low stem capacitance of 

J.oxycedrus. In other words, the ability to store water in the stem to cope with the daily 

transpiration demand at early morning is almost negligible in J.oxycedrus. Q.ilex and P.pinea 

do shrink at midmorning probably because they are using water stored to sustain the daily 

transpirational loss while water absorbed by roots reaches the leaves. J.oxycedrus has much 

lower water storage capacity, up to the point that loosing it could result in no detectable 

change in stem diameter. This fact is supported by previous studies about the stem 

capacitance in tree species (Meinzer et al 2003; McCulloh et al. 2012), which found that a 

higher wood density was associated with smaller diameter conduits, lower hydraulic 

conductivity, resistance to drought-induced embolism , more water stress-resistant leaves and 

stems, lower capacitance and consequently lower growth rate.  

This behaviour is consistent with both the lowest maximum daily shrinkage exhibited by 

J.oxycedrus and the abundant days of negative growth found in J.oxycedrus compared to the 

other species. J.oxycedrus could have problems to recover the optimal nighttimes' water 

status, especially during stressful periods (such as days without water supply together with 

high temperature). Similarly, the greater maximum daily shrinkage found in tested P.pinea 

seedlings (Fig. 4.5c) suggests a greater stem water storage capacity in this species, while 

Q.ilex would occupy an intermediate position. 

 

4.5. CONCLUSSIONS 

We conclude that the species under study instead of separating into isohydric-anisohydric 

strategy exhibit a continuum of water use strategies, occupying distinct water regulation 

niches inside the mixed forests and showing complementarity. In this regard the continuum of 
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water use strategies covered by these three species would place P.pinea in an opposite 

position to that of J.oxycedrus, while Q.ilex would exhibit an intermediate position. 

J.oxycedrus was the most drought-resilient species. Furthermore, there are evidences, relating 

water status of trees under drought to mortality, which found that isohydric species are more 

likely to succumb to carbon starvation during prolonged moderate drought.In this regard, 

Kukowski et al. (2013) found that those species that maintained the highest water potential 

during a first moderate drought period suffered the greatest mortality during a second extreme 

drought period.  We conclude that the set of traits exhibited by P.pineawould place this 

species in the less competitive position under the forecasted increasing drought conditions, 

while Q.ilex, in addition to the advantage that the high resprouting capacity suppose, is closer 

to J.oxycedrus in  water use strategy (anisohydric), and so it would be more competitive than 

P.pinea under severe drought conditions. 
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To achieve the objective of this thesis, the amplitude of responses of three Mediterranean co-

occurring tree species to several environmental factors (that have changed in the last decades) 

was evaluated, in order to define the optimum physiological niches for their regeneration. 

These mixed stone pine-holm oak-prickly juniper forests have not been studied before under 

this perspective. The results of this thesis suggest higher sensitivity of P.pinea to the 

forecasted climate change compared to the other two species. Taking into account that in the 

recent past these stands were exclusively dominated by P.pinea, the results presented here are 

highly relevant. Due to the abandonment of traditional forest uses and the scarce silvicultural 

interventions, we are witnessing the transition from pure forests dominated by P.pinea into 

mixed forests where P.pinea is the least competitive of the species. 

Our field results suggest a multi-tolerant behaviour in Q.ilex to the most limiting 

environmental factors analysed. Q.ilex exhibited a high drought-tolerant behaviour (Chapter 2 

& 4) together with high tolerance to photoinhibitory stresses during summer such as excess 

irradiance and heat (Chapter 2). Furthermore, we found a strong thermophilic character in this 

species which performed properly under the hardest summer conditions in the study area. This 

species also displayed the broadest thermal range in which the plants are able to 

photosynthesize, coping with lower temperatures than the other two species without 

exhibiting a negative carbon balance. This species showed great ability to modify the thermal 

tolerance according to the environmental temperature (Gimeno et al. 2009). We speculate that 

Q.ilex would be able to survive in a more restrictive scenario of climate change than the 

current one. 

The fact that Q.ilex is a drought-tolerant species and depicts anisohydric behaviour was also 

proved in the greenhouse (Chapter 4). However, we found that J.oxycedrus became even 

more drought-tolerant than Q.ilex in the greenhouse (under mild drought conditions), thus 

allowing the stomatal regulation of gas exchange to extend much further into the drought than 
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Q.ilex. This fact highlights that J.oxycedrus is the most anisohydric of the three species 

analysed. 

However, looking at all these features in the context of natural field conditions, we attribute 

the better water status of Q.ilex to the resprouting ability from roots, since this ability is rather 

limited in J.oxycedrus compared to that of Q.ilex in the study area (Pausas et al. 2009). Thus, 

Q.ilex has the advantage of an established, deep-rooted system which allows this species to 

obtain groundwater from deeper soil horizons (Ferrio et al. 2003; Baquedano and Castillo, 

2007) and to maintain the best water status of the three species under drought conditions.  

When the soil moisture content is close to field capacity and temperatures are not especially 

high (around 26 ºC), a combination which occurs during a brief period after the spring 

rainfalls, the set of morphological and physiological traits of P.pinea (Chapter 4) would 

favour P.pinea regeneration over the regeneration of the other two species. The ability of 

maximizing field performance under optimal environmental conditions in P.pinea has 

previously been reported by Calama et al. (2013), and it is described as a behaviour that is 

typical of isohydric species (Schultz, 2003). P.pinea exhibits the best performance of the three 

species under such conditions.  However, to do so and also to avoid hydraulic failure under 

drought stress conditions, P.pinea needs to maintain larger safety margins, inducing stomatal 

closure and decreasing the carbon assimilation rate to values well below its potential 

photosynthetic capacity before the other two species. Anisohydric species (J.oxycedrus and 

Q.ilex) tend to favour lower carbon uptake during longer periods (also under optimal 

conditions), but with lower rates of water loss. As a result, these two species can afford to 

have smaller safety margins (Skelton et al. 2015). The results of this thesis show a continuum 

of hydraulic strategies, suggesting distinct water regulation niches among the species, where 

P.pinea would be in an opposite position to that of J.oxycedrus, while Q.ilex would exhibit an 

intermediate position in these mixed forests. 
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Our results showed an interesting behaviour of J.oxycedrus under extreme temperatures. In 

terms of photosynthetic capacity, this species exhibits the narrowest range of temperatures 

with positive carbon balance of the three species, which means that photoinhibition of the 

photosynthesis occurs before the other two species with both increasing and decreasing 

temperatures. However, regarding frost events (Chapter 3), J.oxycedrus is the most tolerant of 

the species to membrane disruption caused by intracellular ice formation, and thus the death 

of seedlings (or sensitive parts of them) caused by frosts (Burke et al., 1976; Charrier et al. 

2015) would occurs to a lesser degree in J.oxycedrus than in P.pinea. This feature means that, 

photoinhibition of photosynthesis caused by low temperature in J.oxycedrus can be an 

important factor limiting growth (Larcher, 2000), but the survival capacity to frost events is 

greater in this species. In this regard, Q.ilex shows quite similar tolerance to frost events than 

J.oxycedrus.  

The results of this thesis suggest that the three species are tolerant to frost events in winter; 

while the greatest risk occurs during the early fall and results more harmful in P.pinea than in 

the regeneration of J.oxycedrus and Q.ilex. We found that J.oxycedrus trigger cold 

acclimation time before and faster than the other two species, resulting the most frost-tolerant 

species at that time (Chapter 3). In terms of low temperature tolerance, J.oxycedrus and Q.ilex 

could apparently be both suitable species to migrate towards higher altitudes and latitudes 

(Lenoir et al. 2008), or can remain at the same altitude spreading their distribution range by 

competing with species less adapted to unpredictable freezing episodes such as P.pinea.  

From a forest management point of view, the results of this thesis clarify the species' 

preferences regarding the light environment (Chapter 2). In this regard, our results clearly 

show that the studied species differ in their regeneration strategies, being Q.ilex the most 

light-demanding species during regeneration, responding greatly to increased light 

availability. Thus, Q.ilex preferentially establishes itself in canopy gaps open to the sky. 
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However, despite the fact that Mediterranean pines are considered light-demanding during 

their seedling stage (Awada et al. 2003; Gomez-Aparicio et al. 2006), we found that P.pinea 

is the most light sensitive species in these mixed forests. P.pinea performs best in medium-

shade environments, in accordance with previous findings about this species (Calama et al. 

2013; Manso et al. 2013). Optimal locations for J.oxycedrus regeneration are found in open 

gaps as long as high temperatures do not endanger survival. 

This thesis shows that during regeneration, Q.ilex and J.oxycedrus are better adapted to cope 

with winter and summer stress conditions than P.pinea. However, the expected inter-annual 

variability will play an important role in the establishment stage of these species. In this 

regard, rainy years with soft temperatures in spring will probably allow P.pinea to use its 

whole photosynthetic capacity and develop deeper root systems to withstand drought in the 

summer period. 

 

                 Figure 5.1. Regeneration of P.pinea and Q.ilex 
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As expected, species that share a life form and habitat range may also have different niches 

for their regeneration (Grubb, 1977).  Lastly, all together, the result of our work is the 

definition of these niches. This thesis evidences that the broadest physiological niche is found 

in Q.ilex. On the contrary, P.pinea performs properly in a narrower niche compared to the 

other two species. J.oxycedrus is tolerant to the main limiting environmental factors in these 

forests and thus shows a broad physiological niche. However, the great resprouting ability of 

Q.ilex together with the faster growth rate represent an advantage over J.oxycedrus and allows 

Q.ilex to occupy a broader niche 

Further studies to understand the effect of biotic factors on the regeneration process would 

improve the conclusions from this thesis about the future of stone pine-holm oak-prickly 

juniper forests. 

 

 

 
Figure 5.2. Typical chaparral-type 

understory of Q.ilex study area. 
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1. J.oxycedrus and Q.ilex show a tolerant behaviour to stress conditions (high irradiance, 

drought and frost), while P.pinea showed a high sensitivity especially to drought. In this 

regard, without taking into account an adaptive response, i.e. a change in the genetic 

composition of the populations, we conclude that J.oxycedrus and Q.ilex would be more 

tolerant to new climatic conditions showing no regeneration problems in the study area, 

whereas P.pinea is the most sensitive to the expected climate change.  

 

2. Q.ilex would be the best adapted species to cope with the expected changing climatic 

conditions characterized by an increase in unpredictable unfavourable events and disturbances 

(i.e. late frost events, a long drought period or a wildfire). The great regeneration ability of 

resprouting from roots and/or stems makes Q.ilex better adapted to atypical events than 

obligate seeder species such as P.pinea. In this regard J.oxycedrus is tolerant to unfavourable 

conditions, although its resprouting capacity in central locations of Spain is rather limited 

compared to that of Q.ilex. 

 

3. P.pinea is in disadvantage with the other species in terms of frost events. This species 

showed higher sensitivity to frost than the other two species during longer periods in both 

autumn and spring. Damage by autumn frosts on recently germinated seedlings (i.e. current 

autumn) of P.pinea, would likely result more harmful in this species than in regeneration of 

J.oxycedrus and Q.ilex which would be affected to a lesser degree.  
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4. J.oxycedrus was the most drought-resilient species under controlled mild drought 

conditions, depicting strong anisohydric behaviour. The set of physiological and 

morphological traits found in P.pinea (isohydric) would place this species in the least 

competitive position under the forecasted increasing drought conditions. Q.ilex, in addition to 

the advantage that the high resprouting capacity confers, is closer to J.oxycedrus in its 

hydraulic strategy (anisohydric), and thus it would be more competitive than P.pinea under 

severe drought conditions. 

 

5. The three co-existing species instead of being separated into an isohydric-anisohydric 

strategy exhibit a continuum of hydraulic strategies, occupying distinct water regulation 

niches inside the mixed forests. The continuum of hydraulic strategies covered by these three 

species would place P.pinea in an opposite position to that of J.oxycedrus, while Q.ilex would 

exhibit an intermediate position.  

 

6. J.oxycedrus and Q.ilex could apparently be suitable species to migrate towards higher 

altitudes and latitudes, or could remain at the same altitude spreading their distribution range 

by competing with species less adapted to changing climate such as P.pinea.  

 

7. The optimal locations for P.pinea regeneration are below-crown environments, which 

prevent photoinhibition of the photosynthetic apparatus and mitigate the effects of high 

irradiance and high midday temperature in summer. As for J.oxycedrus regeneration, optimal 

locations are found in open gaps as long as high temperatures do not endanger survival.  The 
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optimal locations for Q.ilex regeneration are in open gaps where the other two species are 

unable to establish themselves because of high midday temperature, high irradiance or low 

water availability in summer.  

 

8. In terms of forest management, maintaining a canopy structure which relates to an average 

global site factor (GSF) of around 0.5, will promote competition between the three species, 

whereas higher values will greatly favour the regeneration of Q.ilex. Additionally, the 

conversion from coppices to high forest stands of Q.ilex may improve regeneration from seed 

instead of resprouting, as well as create medium-shade conditions for future P.pinea and 

J.oxycedrus seedlings. 
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