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DROUGHT-INDUCED TREE MORTALITY IN THE IBERIAN PENINSULA 

Tree mortality episodes associated with drought and high temperatures have been 

reported in all the major forested biomes of the Earth over the last decades (Allen et 

al. 2010 and references therein). Considering that climatic models estimate an 

upcoming increase in temperature accompanied by a precipitation decrease (IPCC 

2007), the frequency and intensity of severe droughts and further on climate-related 

tree mortality events are expected to increase. The western Mediterranean Basin is 

considered to be especially vulnerable to forest die-off (Giorgi and Lionello 2008; 

Martίnez-Vilalta et al. 2012; Matίas and Jump 2012), because here the climate is 

already hot and dry (during summer time) and temperatures are predicted to increase 

3-4ºC (Christensen et al. 2007) while precipitations might drop up to 20% (Bates et al. 

2008) during the 21st century. Indeed, the whole Mediterranean region has been 

identified as being a “hot spot” for climatic changes (Giorgi 2006), especially 

considering that the increased temperatures and low precipitations are projected to 

occur mostly during the summer season (Giorgi and Lionello 2008), which is already 

the period when plants growing in this ecosystem type undergo stressful drought 

conditions that limit their growth and distribution (Cherubini et al. 2003 and references 

therein; Martίnez-Vilalta et al. 2008). 

 

The Iberian Peninsula, where the study sites of this thesis are located, has already 

experienced drought-related tree decline and mortality events (e.g., Peñuelas et al. 

2000; Martίnez-Vilalta and Piñol 2002; Corcuera et al. 2006; Galiano et al. 2010). 

Furthermore, for this particular Mediterranean area, forest composition and 

distribution models estimate that, in the future (projections made for years 2020, 2050 

and 2080), climatic changes are likely to induce important reductions in the potential 

ranges of several tree species (Benito Garzón et al. 2008). Nevertheless, considering 

that different populations of the same species are not equally vulnerable to climate 

changes (Ramírez-Valiente et al. 2009), future range shifts are expected to have a 

local character, depending on species plasticity, adaptation and capacity to survive 

stressful conditions (Benito Garzón et al. 2011). 
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Drought events have a stochastic character and can cause important damages to 

forest ecosystems, especially if they extend over large periods of time or if they are 

severe (e.g., extreme climatic events) (Bréda and Badeau 2008). As a consequence, 

when such conditions are met, the acclimation capacities of the trees are challenged 

and likely to be exceeded leading to severe damages from which they might not be 

able to recover (Gutschick and BassiriRad 2003). This depends also on species’ 

sensitivity and/or on antecedent conditions to which trees have been exposed to 

(Beniston and Innes 1998) and weakened by, increasing their vulnerability to future 

stressful conditions (Bréda and Badeau 2008). Severe drought conditions impact on 

the physiology of trees (Bréda et al. 2006) describing a closed circle that starts by 

affecting water transport and photosynthesis and continues with allocation processes, 

root growth and thus water and nutrient uptake, and defoliation, hence further 

reducing photosynthesis (Pedersen 1998). 

 

IMPLICATIONS OF FOREST MORTALITY 

Forest mortality is a natural ecological process (Franklin and Shugard 1987) that can 

be exacerbated by extreme climatic conditions such as severe droughts or heat 

waves which can act directly or indirectly, through changes on insect and pathogen 

dynamics or increased incidence of wildfires (Allen et al. 2010). Although at present 

we lack clear understandings on the ecological implications that forest mortality have 

and will have, some studies are starting to explore such consequences at scales that 

go from local (structure, functions, services) to global (e.g., carbon sinks, climate 

regulation) (Anderegg et al. 2013a). 

 

At local scales, mortality might affect selectively only some of the tree species from a 

mixed stand, thus perturbing the forest structure, whose community composition 

changes and increases the possibility, on a large time scale, of vegetation shifts. 

Succession processes after drought-induced mortality events are still poorly 

documented and understood (but see Allen and Breshears 1998), although there is 

an increasing interest on how understory vegetation might react when the dominant 

species undergoes death. Accompanying species may either be favoured or severely 

affected depending on their interactions with the dominant species (Galiano et al. 
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2013; Anderegg et al. 2013a and references therein), with very different implications 

for midterm vegetation dynamics (Lloret et al. 2012). Tree death also involves 

changes in the functions of the forest ecosystem, as both the water (soil water 

content and availability, run-off) and the energy (increased radiation at the floor level) 

fluxes are highly likely to be perturbed. Also, the risk of forest fires might be increased 

in the short term by the accumulated litter on the ground floor, which can provide 

better fuel conditions for the propagation of wildfires (Bigler et al. 2005). At the same 

time, it is clear that tree mortality episodes have the potential to affect all ecological 

services provided by forests to society, including provisioning (food, timber), 

regulating (climate control, water quality), supporting (soil, nutrient cycling) and 

cultural services (recreation, aesthetic benefits) (see Anderegg et al. 2013a and 

references therein). 

 

At a global scale, widespread drought-induced tree mortality events are expected to 

weaken the role that forests have as carbon sinks (it is estimated that ≈45% of the 

carbon found in terrestrial ecosystems is hold by forests), as the carbon uptake and 

sequestration processes will be altered (Bonan 2008; Anderegg et al. 2013a). At the 

same time, implications on biogeochemical cycles and climatic regulation are also 

expected to occur as a consequence of land cover changes that involve land-surface 

properties (e.g., albedo, evapotranspiration, hydrologic cycles) (Bonan 2008; 

Anderegg et al. 2013a). Thus, although little evidence is provided by now, changes in 

temperature and precipitation rates are expected to take place. Nevertheless, it must 

be taken into consideration that all these potential changes will largely vary, 

depending on factors such as the type of forest, latitude, snow cover or ecosystem 

responses (Anderson 2011; Anderegg et al. 2013a). 

 

MECHANISMS OF DROUGHT-INDUCED TREE MORTALITY 

Under the predicted climate change scenarios, the threat of widespread tree mortality 

events has lead to an increased interest and debate on the mechanisms that underlie 

drought-induced tree mortality (McDowell et al. 2008; Sala et al. 2010; McDowell and 

Sevanto 2010; McDowell 2011; McDowell et al. 2011; Sevanto et al. 2013). 

Understanding these processes can help us predict future forests dynamics (land-
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surface changes and stability) and, further on, the implications for the services and 

functions provided by forests (Bonan 2008; Allen et al. 2010; Anderegg et al. 2013a). 

 

Manion (1991) proposed the slow-decline hypothesis that combines biotic and abiotic 

factors to explain tree mortality. According to his hypothesis, plants are subjected over 

many years to a three-stage decline, involving predisposing, inciting and contributing 

factors. The predisposing factors are acting over long time periods, weakening the tree. 

They are represented by the age, the genetic predisposition of the individuals or by 

factors like the site conditions. The inciting factors include defoliation, frost or severe 

drought events and act at a short time scale, accentuating the decline of the already 

weakened trees. The contributing factors, like opportunistic pathogens and/or 

subsequent drought events, finally kill the declining trees. However, Manion’s 

framework does not describe the physiological processes involved in tree mortality. 

 

More recently, McDowell et al. (2008) developed a hydraulically based framework to 

explain the physiological mechanisms that underlie drought-induced tree mortality. 

These authors hypothesized three mechanisms leading to tree mortality, depending on 

the environmental conditions (e.g., intensity and duration of water stress) and the 

stomatal regulation of the species involved: hydraulic failure, carbon starvation and 

biotic agents. We will focus on the first two here. Hydraulic failure is likely under intense 

drought and for species without a strict stomatal control to regulate water loss during 

drought (i.e., anisohydric species). In these species, xylem water potentials can reach 

very low negative values, causing catastrophic levels of xylem cavitation (Tyree and 

Zimmermann 2002), which can eventually result in irreversible desiccation of 

aboveground plant tissues and cellular death. On the other hand, carbon starvation is 

particularly likely for long-lasting droughts and for species with a tight stomatal 

regulation. In these isohydric species water potentials may not become negative 

enough to cause embolism in the xylem, but long periods of near zero assimilation, due 

to stomatal closure, and continued demand for carbohydrates may exhaust the plant 

carbon reserves (McDowell et al. 2008). 

 

The mechanisms that underlie drought-induced tree mortality proposed by McDowell et 

al. (2008) have been very influential and controversial, particularly regarding the carbon 
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starvation hypothesis, for which we still lack conclusive evidence (Sala et al. 2010; 

McDowell and Sevanto 2010). According to Sala et al. (2010), this mechanism of 

drought-induced tree mortality is difficult to explain in the absence of the hydraulic 

failure one and/or contingent related biotic factors (e.g., pathogens) attack. This is due 

in part to the fact that carbon mobilization may be limited under water shortage 

conditions, due to phloem transport impairment. Sala et al. (2010) and McDowell and 

Sevanto (2010) highlighted that a tree could actually die without having completely 

depleted its carbon pools, because part of the stored carbohydrates may in fact not be 

available for metabolism, especially under drought conditions. Later on publications 

have shown that the two mortality mechanisms proposed by McDowell et al. (2008) are 

actually highly interdependent (McDowell 2011; McDowell et al. 2011; Sevanto et al. 

2013). Under drought conditions, tree mortality seems to be determined by a complex 

set of interrelated changes in the carbon and water economy of plants, involving 

differential effects on photosynthesis and respiration, hydraulic deterioration and, 

possibly, phloem impairment (Galiano et al. 2011; McDowell 2011; Anderegg et al. 

2013b; Sevanto et al. 2013). 

 

A RETROSPECTIVE APPROACH TO STUDY TREE MORTALITY 

Most studies of tree and forest mortality use experimental or observational approaches to 

characterize forest responses to current drought events. However, retrospective 

analyses of how trees reacted to severe droughts in the past can also help us 

understand their functioning and give us clues about how they might react in the future 

(Fritts 2001; Vaganov et al. 2006). Tree rings are widely used proxies to study long time 

tree-growth climate relationships, as they faithfully register events to which trees’ have 

been exposed during their lifetime. Thus, they represent natural archives of information 

based on which the past responses to environmental events can be reconstructed (Fritts 

2001; Vaganov et al. 2006). Dendrochronological studies are based on the concept that 

trees growing in the same area are similarly influenced by external factors’ variability 

(Fritts 2001; Vaganov et al. 2006). Thus, tree individuals can be combined and compared 

among them looking for patterns that might explain their differential sensitivity to 

environmental variability or severe climatic events, such as drought episodes. By 

comparing trees that perished as a result of a given drought event with surviving 
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individuals, tree ring width dynamics can be used to characterize the growth patterns of 

trees that are likely to die in the future (Ogle et al. 2000; Suarez et al. 2004; Bigler et al. 

2006; Levanič et al. 2011; Eilmann and Rigling 2012; Matίas and Jump 2012). 

 

Besides their width, tree rings contain valuable information that can be used to infer 

the trees’ past physiological performance and responses to stressful conditions. 

Carbon isotope composition (δ13C) is commonly used as a proxy to retrieve 

physiological information from wood records (Fritts 2001; McCarroll and Loader 2004; 

Vaganov et al. 2006). Wood is mainly formed by carbon, oxygen and hydrogen, and 

each of these three elements has different stable isotopes (non-reactive). Carbon (C) 

has two stable isotopes, 12C and 13C. Each of these two isotopes has six protons, but 

different number of neutrons: six for 12C and seven for 13C, respectively. Due to these 

atomic weight differences, physical, chemical and biological processes discriminate 

between these isotopes, usually favouring the lighter one (i.e., 12C). Nevertheless, 

most of these processes are tightly dependent on climatic conditions and, thus, by 

analyzing the variation of the isotope composition (i.e., δ13C) in tree rings, the 

variation and effects of environmental signals can be estimated. 

 

During carbon fixation, plants discriminate against 13C (McCarroll and Loader 2004) 

both during diffusion through stomata (4.4‰; O’Leary 1981) and carboxylation by 

Rubisco and PEP carboxylase (27‰; Farquhar and Richards 1984). Under dry 

conditions, when stomata close in order to avoid water loss, the discrimination against 
13C is reduced as the relative importance of diffusion versus Rubisco and PEP 

carboxylase discrimination changes (McCarroll and Loader 2004 and references 

therein). This is a frequent situation in seasonally-dry climates areas, like the 

Mediterranean, where δ13C depends tightly on water availability due to the impact of 

drought on stomatal conductance (Warren et al. 2001; Ferrio et al. 2003). Thus, δ13C 

in tree rings can be used as an estimator of intrinsic water-use efficiency (WUEi; the 

ratio of assimilation to water loss through the stomata), a key component of plant 

drought responses (Farquhar et al. 1982). 

Wood anatomical features are another proxy used to analyze the past physiological 

behaviour of plants, having the advantage of a higher temporal resolution than tree 
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rings themselves (Fritts 2001). The production of xylem conduits (tracheids in 

gymnosperms and mostly vessels in angiosperms) and the subsequent processes of 

enlargement and cell-wall thickening have a strong genetic control. Nevertheless, all 

those processes, which can last from days to weeks, are also affected, directly or 

indirectly, by environmental conditions (Denne and Dodd 1981; Wimmer 2002; 

Schweingruber 2007; Fonti et al. 2010). These environmental effects on wood 

formation are both species- and site-specific (Tardif et al. 2003). 

 

Environmental conditions can determine important aspects such as the forming 

period of a tree ring (Camarero et al. 1998), and they can also influence the 

photosynthesis process by inducing stomatal closure under drought conditions, and 

thus potentially limiting the available carbon for growth (McDowell et al. 2008). 

Further on, cell enlargement processes are driven by turgor and, therefore, the water 

status of the xylem plays a critical role on final cell size (Boyer 1985). At the same 

time, the hydraulic conductivity of a xylem conduit is a function of the fourth power of 

its lumen diameter, which determines a very tight dependence between conduit 

dimensions and hydraulic function (Tyree and Zimmermann 2002). Finally, the 

relative dimensions of the conduits’ lumen and cell wall thickness determine important 

biomechanical properties, including resistance to implosion under high tension, such 

as those experienced by plants under drought. This resistance to implosion has been 

related to the vulnerability to xylem embolism across species (Hacke et al. 2001). The 

anatomical properties of xylem conduits are faithfully registered in growth rings and 

can be studied through image analyses of wood micro-sections. 

 

TREE SPECIES GROWING AT THEIR SOUTHERN LIMIT OF DISTRIBUTION 

Plant species’ geographical distribution is limited to areas where biotic and abiotic 

factors allowed them to colonize and further on grow and reproduce (Woodward 

1987). These conditions are being altered by ongoing climate change (IPCC 2007). 

The impact of these changing conditions is likely to be especially apparent at species’ 

range edges, as it is in theses areas where species normally grow at their tolerance 

limits (Hampe and Petit 2005), being prone to suffer high mortality rates and reduce 

their area of distribution (Benito Garzón et al. 2008, 2011). 
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Species growing close to the southern distribution limit, where drought and high 

temperatures usually represent their main constraining factors (Hampe and Petit 

2005), are particularly interesting as they provide the opportunity to study the species’ 

behaviour under the conditions that will presumably become common at more 

northern latitudes in the future (Martίnez-Vilalta et al. 2012). Also, as such populations 

many times represent refuges of species’ genetic diversity (Petit et al. 2003; Hewitt 

2004), their study can help us estimate and understand the implications for overall 

genetic diversity loss (García López and Allué Camacho 2010). At the same time, 

populations at the dry limit of a species distribution may have specific adaptations that 

increase their resistance and resilience to future drought, an aspect that needs to be 

studied and considered when projecting future vegetation dynamics (e.g., northward 

migrations) (Benito Garzón et al. 2011; Lloret et al. 2012) that may be imposed by 

predicted climatic changes (IPCC 2007). 

 

OUR STUDY SYSTEM: SCOTS PINE UNDER MEDITERRANEAN CONDITIONS 

Scots pine (Pinus sylvestris L.) is a Eurosiberian tree species considered to be the 

conifer with the widest distribution in the world (Nikolov and Helmisaari 1992). 

Although especially common in northern latitudes, where it finds its optimal growth 

conditions, it has a wide ecological niche. Its distribution range spans from Southern 

Spain (Sierra Nevada) to Northern Europe (the Scandinavian Peninsula, Siberia) and 

from Western Spain (Galicia) to Eastern Russia (Yacutia) (Figure 1.1). Thus it 

tolerates a broad range of climatic conditions that vary from dry to extreme cold and 

from oceanic to continental climates (Carlisle and Brown 1968). In the Iberian 

Peninsula it reaches its south-western (and dry) distribution limit (Barbéro et al. 

1998), usually occupying mountain environments at relatively high altitudes (Ceballos 

and Ruiz de la Torre 1971; Boratynski 1991) (Figure 1.1). 
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Figure 1.1 – Distribution map of Scots pine (Pinus sylvestris L.). Original source: 

EUFORGEN 2009 (www.euforgen.org). 

 

 
In Spain, Scots pine is the third most abundant trees species and it is estimated that 

≈50% of its range is represented by natural populations (Catalan Bachiller et al. 1991; 

Martín et al. 2010). In this area, summer drought is considered its main limiting 

environmental factor (Castro et al. 2004; Mendoza et al. 2009; Matίas et al. 2011b). It 

is here and in the dry Swiss alpine valleys, where Scots pine has experienced 

important mortality rates over the last decades, especially following extremely dry 

years (Martínez-Vilalta and Piñol 2002; Galiano et al. 2010; Eilmann et al. 2006; 

Bigler et al. 2006; Rigling et al. 2013). Although drought conditions might not lead 

directly to tree mortality, they can weaken the trees making them more sensitive to 

future drought events or pathogen attacks (Dobbertin et al. 2005; Giuggiola et al. 

2010). Despite recent advances in understanding the spatial determinants of tree 

mortality in this species (Galiano et al. 2010; Vilà-Cabrera 2011, 2013), as well as on 

the physiological mechanisms underlying mortality (Galiano et al. 2011; Poyatos et al. 

2013), the fine scale determinants of mortality and the reasons why some individuals 

succumb to death while some co-occurring individuals survive are still unknown. From 

the water use point of view, Scots pine is an isohydric species that closes stomata 
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rapidly when water shortage conditions are met (Irvine et al. 1998; Poyatos et al. 

2013), thus limiting carbon uptake. Ongoing research at the same sites studied in this 

thesis has confirmed that carbon starvation (cf. McDowell et al. 2008) is likely to be 

involved in the mortality process (Galiano et al. 2011; Poyatos et al. 2013), although 

other mechanisms can not be discarded. 

 

The relatively high drought-related mortality rates observed in several Scots pine 

populations in Spain, together with the low regeneration rates that have been 

reported (Castro et al. 2004; Mendoza et al. 2009; Galiano et al. 2010; Vilà-Cabrera 

et al. 2011), suggest that this species may not be able to cope with ongoing climate 

change in some areas, especially at its southern distribution limit (Reich and Oleksyn 

2008; Matίas and Jump 2012). This prediction is consistent with the results of climate 

envelope models suggesting that the potential habitat for this species in Spain might 

shrink substantially by the end of the current century (Benito Garzón et al. 2008, 

2011). As current climatic changes are occurring faster than in the past (e.g., after 

glaciations), it is estimated that Scots pine species will require a faster rate of biotic 

response in order to cope with climate change (Savolainen et al. 2011). In this 

context, it is critical to determine which populations are at greater risk and what 

determines the differential susceptibility of individuals within populations, as Scots 

pine is a valuable tree species both from ecological and economical point of view 

(Matίas and Jump 2012 and references therein). Furthermore, Iberian Scots pine 

populations are genetically different from other European ones, which involves 

potential loss of genetic diversity (García López and Allué Camacho 2010). 

 

OBJECTIVES AND STRUCTURE OF THE THESIS 

This thesis contributes to the study of drought-associated tree mortality. More 

specifically, in this thesis I study Scots pine mortality at two sites located in NE Iberian 

Peninsula, where this species started to suffer high mortality rates following severe 

drought episodes during the 1990s and 2000s. In order to do this, co-occurring now-

dead and living Scots pine individuals were sampled and their growth rings were 

investigated in detail with regards to radial growth patterns, carbon isotopic 

composition and wood anatomy. The general objective was to compare surviving and 
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now-dead trees to see why some of the individuals survive while others perish 

following drought events, given that they lived under similar environmental conditions. 

 

The specific objectives were to: (A) test if a direct association could be established 

between tree mortality events and drought episodes, as characterized by climatic 

variables; (B) determine whether now dead trees presented a distinctive growth 

pattern than surviving ones, which could be eventually used to assess the future 

vulnerability of individuals and populations; and (C) characterize the physiological 

performance of now-dead trees during the period preceding death, in terms of water-

use efficiency, water transport capacity and carbon availability and use, in order to 

contribute to the current debate on the mechanism of drought-induced mortality. 

 

Several hypotheses concerning the trees that had increased susceptibility to undergo 

death by comparison with the ones that survived stood at the base of this thesis 

(Diagram 1.1). A first one was that mortality would especially affect Scots pine trees 

with low growth rates and increased climatic sensitivity. Growth rates (e.g., annual 

tree rings) are indicators of trees’ vigour (Pedersen 1992). They can be considered as 

sensitive indicators of stress conditions (e.g., climatic events such us droughts) as 

stem growth has low priority for resource allocation (Waring and Pitman 1985) by 

comparison with other organs (e.g., buds, needles, roots) (Waring 1987), when such 

conditions are met. A second hypothesis was that now-dead Scots pine trees had 

limited intrinsic water-use efficiency (WUEi) responsiveness to raising atmospheric 

CO2 conditions while alive. Trees have the ability to increase their WUEi as the 

atmospheric CO2 concentrations rise. Nevertheless, this increase can be restricted 

under limited water conditions that can counterbalance the stimulating effect of 

increasing CO2 concentrations on the plant carbon budget (Waterhouse et al. 2004). 

Finally, a third hypothesis was that death would affect Scots pine individuals with 

reduced hydraulic conductivity and low carbon investments in tissue formation and 

tree defence. As hydraulic conductivity can be estimated from measurements of wood 

anatomical features, a reduced tracheid production or the formation of small size 

(e.g., lumen diameter) tracheids due to water shortage conditions would indicate its 

limitation (Tyree and Zimmermann 2002). At the same time, this would imply low 
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carbon allocations to tissues’ formation due to their unavailability or to their 

preferential use for other organs (Waring 1987; Eilmann et al. 2009). 

 
Diagram 1.1 – Structure and hypothesis of the thesis 

 

 
SHORT DESCRIPTION OF MAIN CHAPTERS: 

Chapter 2: Growth patterns in relation to drought-induced mortality at two 

Pinus sylvestris L. sites in NE Iberian Peninsula 

In this chapter we investigate the association between episodes of Scots pine 

mortality and the drought conditions that preceded them at two different sites in NE 

Spain. In addition, the radial growth and climatic sensitivity of the trees that managed 

to survive is compared to that of those that died. 



Chapter 1 

 17 

 

Chapter 3: Drought-induced mortality selectively affects Pinus sylvestris L. 

trees that show limited intrinsic water-use efficiency responsiveness to raising 

atmospheric CO2 

In this chapter we study the ecophysiological differences between surviving and now-

dead Scots pine trees at the same two sites, in terms of intrinsic water-use efficiency 

(WUEi). Carbon isotopic composition (δ13C) and discrimination (∆13C) are analyzed at 

an annual resolution in tree rings, for a 34 years period. We focus on the factors that 

might underlie predispositions to mortality. In order to do so, the relationship between 

previously measured growth rates (see Chapter 2) and WUEi is also assessed. 

 

Chapter 4: Declining hydraulic performances and low carbon investments 

predate Scots pine drought-associated mortality at its south-western 

distribution limit 

In this chapter we use wood anatomy features to compare the physiological 

performance of now-dead and surviving trees, particularly in terms of carbon use and 

xylem hydraulic properties and for the period immediately preceding tree mortality. 

Wood anatomical features were measured in the earlywood and latewood at an 

annual resolution (34 years period) using a novel software developed by us for this 

purpose (see Chapter 5). 

 

Chapter 5: Measurements of wood anatomical features in conifer species. 

Image analyses with DACiA. Technical Report 

All wood anatomical measurements on transversal wood section of Scots pine wood 

were carried out with a novel software (DACiA, Dendrochronological Analysis on 

Conifer Wood Anatomy), developed for this purpose. This chapter provides a detailed 

description of this software and of its functioning. Technical information is also 

provided together with a comparison with other available softwares that are used for 

similar purposes. 
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GROWTH PATTERNS IN RELATION TO 

DROUGHT-INDUCED MORTALITY AT TWO 

PINUS SYLVESTRIS L. SITES IN NE IBERIAN 

PENINSULA 
 

A modified version of this chapter is published in Trees Structure and 

Function 26, 621-630 

Hereş AM, Martίnez-Vilalta J, Claramunt López B, 2012 
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ABSTRACT 

Drought-related tree mortality has become a widespread phenomenon. Scots pine 

(Pinus sylvestris L.) is a boreal species with high ecological amplitude that reaches its 

south-western limit in the Iberian Peninsula. Thus, Iberian Scots pine populations are 

particularly good models to study the effects of the increase in aridity predicted by 

climate change models. A total of 78 living and 39 dead Scots pines trees were 

sampled at two sites located in the NE of the Iberian Peninsula, where recent 

mortality events have been recorded. Annual tree rings were used to (1) date dead 

trees; (2) investigate if there was an association between the occurrence of tree death 

and severe drought periods characterized by exceptionally low ratios of summer 

precipitation to potential evapotranspiration (P/PET); and (3) to compare the growth 

patterns of trees that died with those of surviving ones. Mixed models were used to 

describe the relationships between tree growth (in terms of basal area increment, 

BAI, and the percentage of latewood, LW%) and climate variables. Our results 

showed a direct association between Scots pine mortality and severe drought periods 

characterized by low summer water availability. At the two sites, the growth patterns 

of dead trees were clearly distinguishable from those of the trees that survived. In 

particular, the BAI of dead trees was more sensitive to climate dryness (low 

P/PETsummer, high temperatures) and started to decline below the values of surviving 

neighbours 15-40 years before the time of death, implying a slow process of growth 

decline preceding mortality. 
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INTRODUCTION 

Climatic models estimate that mean annual temperatures in the western 

Mediterranean Basin will rise ≈3-4°C in the next century (Christensen et al. 2007), 

while the annual precipitations will decrease up to 20% (Bates et al. 2008). These 

predicted climatic conditions will probably result in reduced summer soil moisture 

(Douville et al. 2002; Christensen et al. 2007) and more frequent and intense drought 

episodes (Bates et al. 2008). These changes are likely to affect vegetation and have 

the potential to transform landscapes at regional scales (Allen and Breshears 1998; 

Allen et al. 2010). Several studies suggest that coniferous species may be particularly 

vulnerable to drought-induced decline both in the Mediterranean Basin (Martín-Benito 

et al. 2008; Linares et al. 2010) and other regions of the world (Ogle et al. 2000; 

Guarín and Taylor 2005; Bigler et al. 2006; van Mantgem et al. 2009). 

 

Tree rings have been widely used to study climate–tree growth interactions, based on 

the fact that each ring registers fluctuations of the environmental factors that influence 

tree growth, and assuming that the trees growing in the same area are influenced in a 

similar way by climatic variability (Fritts 2001; Vaganov et al. 2006). In particular, tree 

rings have been used to reconstruct past climate fluctuations (e.g., Helama et al. 2002; 

Grudd et al. 2002; Helama et al. 2009) and to study the sensitivity and variability of tree 

growth in response to climate (e.g., Guarín and Taylor 2005; Bigler et al. 2006; Martín-

Benito et al. 2008). In that respect, they provide a powerful tool to characterize trees 

that are particularly likely to die (Ogle et al. 2000; Suarez et al. 2004; Bigler et al. 2006). 

 

The mechanisms that lead to tree mortality during drought events are complex and 

still to be completely understood (McDowell et al. 2008; Sala et al. 2010; McDowell 

2011) due to the multiple intrinsic and extrinsic contributing factors (Pedersen 1998). 

Predisposing factors, like competition or air pollutants, can affect a tree during long 

periods of time and can increase its sensitivity to short-term stressors such as insect 

defoliation or drought (Bigler et al. 2006). Depending on the tree’s condition and the 

severity of the stress factor, a tree may be able to recover its previous state or not 

(Dobbertin 2005; Bigler et al. 2006). Trees that don’t completely recover are likely to 

be more susceptible to die (Pedersen 1998; Drobyshev et al. 2007), and their death 
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might emerge as a delayed effect years after the immediate impact of the stress 

factor (Guarín and Taylor 2005; Bigler et al. 2007; Galiano et al. 2011). Isohydric 

species, like most pines, are known to reduce stomatal conductance during periods of 

low water availability, lowering carbon uptake (and eventually growth) and running the 

risk of starving to death if dry conditions last long enough (McDowell et al. 2008). 

 

Scots pine (Pinus sylvestris L.) is one of the most widely distributed tree species on 

Earth, with populations ranging from Boreal to Mediterranean regions (Barbéro et al. 

1998). The sites in the Iberian Peninsula represent the south-western limit of the 

distribution of this species and include some of its driest populations. Iberian Scots 

pine populations are thus particularly good models to study the effects of predicted 

future climate change (Martínez-Vilalta et al. 2008). Due to its isohydric regulation 

with efficient stomatal control of water loss (Irvine et al. 1998), Scots pine is 

considered as being a relatively drought resistant species (Ellenberg 1988). In spite of 

this, drought-induced Scots pine mortality has been reported in many populations 

over the last decades, particularly towards the southern end of its distribution 

(Martínez-Vilalta and Piñol 2002; Bigler et al. 2006; Galiano et al. 2010). 

 

In this study we use tree rings to date dead trees, to investigate Scots pine mortality 

following severe droughts and to compare the patterns of radial growth of dead and 

living individuals from two sites located in the North East of the Iberian Peninsula. Our 

main objectives were: (1) to determine if the occurrence of mortality of the Scots pine 

trees sampled at the two study sites was associated with severe drought periods; and 

(2) to compare the growth patterns of the trees that died with those of the trees that 

survived. We hypothesized that mortality would affect preferentially the trees with low 

growth rates and high growth sensitivity to dry climatic conditions (Pedersen 1998; 

Ogle et al. 2000; Suarez et al. 2004). 

 

MATERIALS AND METHODS 

Study sites and field work 

Two Scots pine sites were selected in the North East of the Iberian Peninsula 

(Catalonia), one situated in the Prades Mountains (41°33´N, 1°01´E, 800-1000 m 
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a.s.l.) and another one in Arcalís, Central Pyrenees (42°34´N, 1°09´E, 1000-1300 m 

a.s.l.) (Table 2.1). At these two sites, important mortality rates have been recently 

observed and current standing mortality is about 20%: in Prades after severe 

droughts in 1994, 1998 and the early 2000s (Martínez-Vilalta and Piñol 2002) and in 

Arcalís particularly after a drought episode registered in 2005 (Galiano et al. 2010). 

The two study sites are located in protected areas (Prades is in the National Interest 

Site of Poblet and Arcalís is in the Alt Pirineu Natural Parc), where forest 

management has been minimal for the last decades. 

 

The climate in Prades is typically Mediterranean, with an annual mean temperature of 

11.2°C and an annual mean rainfall of ≈611 mm (Climatic Digital Atlas of Catalonia, 

period 1951-2006) (Pons 1996; Ninyerola et al. 2000). The substrate is composed by 

Paleozoic slates and metamorphic sandstones with microconglomerates (Piñol et al. 

1991), while the soils are xerochrepts with clay-loam texture (Hereter and Sánchez 

1999). The vegetation follows the climatic gradient, with holm oak (Quercus ilex L.) 

forests at lower altitudes and Scots pine at altitudes above ≈800 m a.s.l. (Gutiérrez 

1989). 

 

In Arcalís, the climate is sub-humid Mediterranean, characterized by an annual mean 

temperature of 9.7°C and an annual mean rainfall of ≈653 mm (Climatic Digital Atlas 

of Catalonia, period 1951-2006) (Pons 1996; Ninyerola et al. 2000). The soils are 

calcareous with a predominantly clay-loam texture. Scots pine forests occur at 

altitudes above ≈600 m a.s.l. (Galiano et al. 2010). 

 

Field work was conducted in late autumn 2008 (Prades) and in early spring 2009 

(Arcalís). At each site two linear sampling transects, perpendicular to the same slope, 

were established within the same valley. These transects differed between them in 

altitude and in water availability. A lower and wetter transect situated ≈800 m a.s.l., 

and an upper and dryer one, situated ≈1000 m a.s.l. were selected in Prades (Table 

2.1). As for Arcalís, the lower and dryer transect was located ≈1000 m a.s.l., while the 

upper and wetter one was at an altitude of ≈1300 m a.s.l. (Table 2.1). The gradient of 

water availability with altitude was determined by local characteristics and had 

opposite directions at the two sites, as described in previous studies. In Prades, the 
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water availability gradient is determined by the bedrock characteristics, which do not 

allow water loose by seepage, and by the differences in runoff and in the water 

holding capacity of the soil along the slope (Piñol et al. 1991). Instead, in Arcalís the 

water availability gradient along the slope is mainly determined by the higher 

temperatures and therefore greater potential evapotranspiration towards the valley 

bottom (Galiano et al. 2010). 

 

Transects were established always on north-facing slopes. They started at a random 

location within the slope and progressed at a constant altitude until the required 

number of trees had been sampled. All sampled trees were of a similar size (around 30 

cm of diameter at breast height, DBH) (Table 2.1) to reduce unwanted variation. Trees 

were sampled within 5 m of the central transect line so that the distance between 

sampled trees was always >5 m. Depending on tree density at each sampling location, 

total transect length varied between 240 and 400 m. Overall, 153 Scots pine trees were 

sampled, including living and dead individuals. Of those, only 117 were used in the final 

analyses as some of the ring series did not correlate well with the other trees in the 

area and some of the dead trees could not be properly dated (Table 2.1). 

 

From the wet transects, where mortality was low, only living trees were sampled, 

while from the dry transects, wood cores were extracted from both living and dead 

trees (Table 2.1). Two wood cores were sampled to the pith from each tree at breast 

height and orthogonal to the slope. The wood core used here was obtained with a 

Suunto© (Vantaa, Finland) 5 mm Pressler borer. A second core was obtained for 

each tree from the other side of the stem with a Haglöf© (Haglöf Sweden AB, 

Långsele, Sweden) 12 mm Pressler borer. This latter core was used for isotopic 

analyses reported in Chapter 3. However, when doubts arose on the dating of 

specific samples, these second cores were used to aid the dating process. The cores 

were fixed into wood supports for drying and posterior processing. In Arcalís, 14 

whole stem discs were sampled using a chainsaw from trees that died and had been 

fallen by local managers after the mortality event to avoid outbreaks of insect pests. 
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Sample preparation and growth measurements 

The wood cores and sections were slowly dried at room temperature, glued and 

sanded progressively until all the rings were clearly visible under a binocular scope 

(Fritts 2001). All samples were visually cross-dated using skeleton plots for each of 

them (Pilcher 1990). In order to measure total ring (RW) and latewood widths (LW) to 

the nearest 0.01 mm, both for living and dead trees, the samples were scanned and 

the images were analyzed using the WinDENDROTM software (Régent Instruments 

Inc Quebec Canada 2004c). To identify locally absent rings, eliminate measurement 

errors and ensure dating accuracy, the quality of cross-dating was repeatedly 

checked with the COFECHA software (Holmes 1983). Only the living trees that had a 

positive correlation with the master dating series (r>0.1) were kept for further 

analyses. The final dataset had 78 living trees: 38 for Prades and 40 for Arcalís, 

spanning from 1861 to 2008 and from 1908 to 2008, respectively (Table 2.1). Basal 

area increment (BAI) and latewood percentages (LW%, as a measure of autumn tree 

growth) were used in further analyses. Transition from earlywood to latewood was 

established visually based on darkening and tracheid structure (Fritts 2001; Vaganov 

et al. 2006). 

 

Dating of the dead trees 

The years of tree death were established by attributing calendar years to the 

outermost annual rings. Cores from the dead trees were visually cross-dated with the 

ones sampled from the living individuals from the same site. For this, pointer calendar 

years corresponding to narrow (1986, 1991, 1994, 2005) and wide (1975, 1977, 1992, 

2004) rings, were used. The cross-dating process was then repeatedly checked with 

COFECHA (Holmes 1983) by running dead trees samples against the master 

chronologies built from the living trees at the corresponding site. The confidence of 

the dating process was influenced by the conservation status of the samples and by 

the fact that trees might not develop growth rings the years immediately before death 

(Amoroso and Daniels 2010). In some cases, the oldest parts (pre 1950) of the cores 

from dead trees were discarded, as our main purpose was to have the year of death 

and the growth characteristics from 1951 onwards. The final dataset had 14 dated 

dead trees from Prades (spanning from 1923 to 2008) and 25 from Arcalís (spanning 

from 1906 to 2008) (Table 2.1). 
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Table 2.1 – Main characteristics of the six chronologies from Prades and Arcalís. 

Values in brackets represent standard deviations. Abbreviations: DBH, diameter at 

breast height; correlation with master (COFECHA), mean correlations of the total 

period 

 

 
Calculation of BAI 

The measured ring widths (RW) (Supplementary Figures 2.1 and 2.2) of both living 

and dead Scots pine trees were converted into annual basal area increment (BAI, 

cm2/year) assuming concentrically distributed tree-rings, according to the formula  

 

)( 1
22

−−= tt RRBAI π  
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where R is tree radius and t is the year when the ring was formed. BAI is considered 

a relatively age-independent measure of radial tree growth and, therefore, it can be 

used without the need of detrending to remove age trends (Biondi 1999). 

 

Climatic data and variables 

The main climatic dataset used in this study included monthly temperature and 

precipitation values, modeled at a spatial resolution of 180 m from discrete climatic data 

provided by the Spanish weather-monitoring system (cf. Ninyerola et al. 2007a, b). This 

data series covered a period of 56 years, from 1951 to 2006. A second database was 

provided by the Catalan Weather Service (SMC) and included monthly temperature 

and precipitation data from two weather stations: Prades (situated at ≈3 km of the study 

plots) and La Pobla de Segur (situated at ≈15 km from Arcalís), for the 1996-2008 

period. This information was used to fill in the temperature and precipitation values for 

the years 2007 and 2008, which were missing in our main climatic dataset. This was 

accomplished by using regression models relating temperature (Prades: R2=0.99; 

Arcalís: R2=0.78) and precipitation (Prades: R2=0.81; Arcalís: R2=0.85) between the 

two climate datasets for the common period (1996 - 2006). 

 

Mean annual temperatures (T) and yearly indexes of summer drought stress 

(P/PETsummer) were calculated and used as climatic variables in further analyses. The 

mean annual temperatures corresponded to twelve months periods, covering August 

previous year to July current year. P/PETsummer was calculated from precipitation (P) 

and potential evapotranspiration (PET) data corresponding to June, July and August of 

the year of ring formation. Monthly potential evapotranspiration (PET) was calculated 

using the Thornthwaite method (Thornthwaite 1948). The periods used to calculate the 

two climatic variables were chosen based on previous studies conducted on Scots 

pines growing in dry areas (Gutiérrez 1989; Rigling et al. 2001; Weber et al. 2007; 

Martínez-Vilalta et al. 2008; Gruber et al. 2010) and were also consistent with the 

relationships obtained using our own data (Supplementary Figure 2.3). 

 

Definition of drought periods 

Severe drought periods of three consecutive years were defined for each study site 

for the time intervals that corresponded to the periods when mortality was observed 
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(1998-2008 and 1995-2008). In order to do this, the four driest years were selected at 

each site (corresponding to P/PETsummer values < ≈0.2 for Prades and < ≈0.3 for 

Arcalís). These years were: 2001, 2006, 2007 and 2008 for Prades and 2000, 2001, 

2004 and 2006 for Arcalís (Figure 2.2). It was considered that each three year period 

starting in any of those years corresponded to a period where drought effects could 

be expected. In this way we accounted for delayed drought effects on tree mortality 

(Pedersen 1999; Guarín and Taylor 2005; Bigler et al. 2007). 

 

Data analyses 

The analyzed variables were checked for normality (Kolmogorov-Smirnov test) and 

logarithm or arcsine squared root transformations were applied when necessary. 

Association between tree-death dates and severe drought periods was evaluated by 

means of Chi-square tests. Mixed linear models were used to assess how climatic 

variables and different site conditions influenced Scots pine growth at the two studied 

sites. The response variables were log BAI (named BAI) and the arcsine of the 

square root of LW% (named LW%). The predictor variables were P/PETsummer, 

temperature (T), a categorical variable coding for transect and tree state (Condition), 

the interaction between P/PETsummer and Condition and the interaction between T and 

Condition. The variable Condition had three levels (wetL, dryL and dryD) 

corresponding to the transect humidity condition (wet or dry) and the state of the trees 

(Living or Dead). The predictor variables were introduced as fixed effects. Tree 

identity and year (from 1952 to 2008) were introduced into the models as random 

effects to account for tree-level effects and temporal autocorrelation (first-order 

autoregressive), respectively. All statistical analyses were carried out with SPSS for 

Windows (version 15.0 SPSS Inc Chicago IL 2006). 

 

RESULTS 

Temporal trends of climatic variables 

Mean annual temperature increased significantly at the two studied sites from 1951 to 

2008 (R2=0.25, P<0.001 for Prades; R2=0.52, P<0.001 for Arcalís) (Figure 2.1a). The 

average rate of temperature increase was ≈0.02°C/year in Prades and ≈0.04°C/year 

in Arcalís. For the same time period, annual precipitation (Figure 2.1b) registered a 
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significant decline (Prades: R2=0.08, P<0.05; Arcalís: R2=0.22, P<0.001), with an 

average reduction of 2.2 mm/year in Prades and of 4.4 mm/year in Arcalís. 

P/PETsummer (Figure 2.1c) also decreased significantly at both sites (R2=0.22, P<0.001 

for Prades; R2=0.32, P<0.001 for Arcalís). 

 

Figure 2.1 - Temporal (1951-2008) trends of temperature (a), precipitation (b) and 

P/PETsummer (c) in Prades and Arcalís study sites. 
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Occurrence of dieback events and association with drought 

At both study sites tree mortality was episodic, being typically grouped in periods of 

consecutive years (Figure 2.2). The years of tree death dated back to 1998 in Prades 

and to 1995 in Arcalís. In Prades, tree mortality concentrated mainly in the periods 

2001-2003 and 2005-2008 (Figure 2.2). The defined severe drought periods at this 

site included 86% of the dead trees. In Arcalís, mortality was also concentrated in two 

periods: 1995-1996 and 2000-2008. All 25 dead individuals sampled here 

corresponded to these two mortality periods, with a peak of 6 dead individuals in 2005 

(Figure 2.2). The defined severe drought periods at this site included 92% of the dead 

trees. A clear association was found between the death years of Scots pine trees and 

the severe drought periods registered between 1998 and 2008 in Prades (X2=5.49, 

P<0.05), and between 1995 and 2008 in Arcalís (X2=8.36, P<0.01). Overall, ≈90% of 

dead trees died within the specified severe drought periods (Figure 2.2). 

 
Figure 2.2 - Number of the dead trees per year and annual P/PETsummer values in 

Prades and Arcalís. Horizontal lines mark the 0.2 and 0.3 P/PETsummer values. Solid 

circles indicate the driest years that defined severe drought periods (see text). 
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Growth trends and influence of climate 

Between 1951 and 2008, BAI of the Scots pines from both study sites was highly 

variable and lacked any clear overall time trend (Figure 2.3a, b). In Prades, BAI of 

living and dead trees peaked in the mid 1970s. The BAI of trees that were going to 

die was lower than that of living trees since the late 1960s (Figure 2.3a). In Arcalís, 

BAI showed similar patterns, except for living trees from the wet transect, which 

experienced a marked BAI increase in the 1980s. Again, BAI tended to be lower for 

dead trees in recent years (Figure 2.3b). The BAI of now-dead trees relative to the 

average BAI of living trees sampled at the dry transect started to decline almost 40 

years before tree death in Prades and around 15 years before tree death in Arcalís 

(small panels in Figure 2.3a, b), indicating that death was the culmination of a long 

term declining process. 

 
Figure 2.3 - Temporal (1951-2008) growth trends (BAI) of Scots pine trees from 

Prades (a) and Arcalís (b). Bottom panels indicate the sample size (number of trees per 

year). Top panels represent relative BAI (%) of the dead trees from Prades and Arcalís 

as a function of time before death. Each value corresponds to the average of the ratio 

of the BAI of trees that were going to die and the BAI of surviving trees for any given 

year, multiplied by 100 to turn it into a percentage. Error bars show standard errors. 
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According to the mixed model results, both P/PETsummer and T significantly drive BAI 

growth at the two study sites, and their effects differed depending on Condition (Table 

2.2; Figures 2.4 and 2.5). The effect of P/PETsummer on BAI was particularly marked in 

now-dead trees, for which high P/PETsummer values always promoted growth. A 

smaller but significant positive effect of P/PETsummer on BAI was also observed for the 

living trees from the dry transect at Arcalís (Table 2.2 and Figure 2.4). The effect of T 

on BAI was significant and negative for the trees that were going to die both at 

Prades and Arcalís, indicating that these trees were also sensitive to high 

temperatures (Table 2.2 and Figure 2.5). At the same time, a positive significant 

effect of T was registered for the living trees from the wet transect at Arcalís (Table 

2.2 and Figure 2.5). No significant interaction was found between the effects 

temperature and P/PETsummer (not shown). The previous results imply that the lower 

growth rates of now-dead trees occurred mostly during years of low summer water 

availability and/or high temperatures (Figures 2.4 and 2.5). 
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Table 2.2 – Summary of the mixed linear models with log BAI as a response variable. 

Bold values indicate significant relationships (P<0.05) 

 

 
Figure 2.4 - Effect of P/PETsummer on Scots pine growth (Basal Area Increment, BAI, 

and percentage of latewood, LW%) at the two study sites (Prades and Arcalís) 

according to the mixed effects models reported in Tables 2.2 and 2.3. 
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P/PETsummer had an overall positive effect on the percentage of latewood at both sites, 

albeit it was significant only for the living trees (Table 2.3 and Figure 2.4). Combined 

with the results of the BAI model, this outcome implies that the growth reduction at 

low P/PETsummer observed in the now-dead trees affected similarly the earlywood and 

the latewood. Temperature also tended to increase the proportion of latewood, its 

effect being significant for now-dead trees from both sites and for the living trees from 

the dry transect at Arcalís (Table 2.3 and Figure 2.5). 

 

Table 2.3 – Summary of the mixed linear models with arcsine square root of LW% as a 

response variable. Bold values indicate significant relationships (P<0.05) 
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Figure 2.5 - Effect of temperature on Scots pine growth (Basal Area Increment, BAI, 

and percentage of latewood, LW%) at the two study sites (Prades and Arcalís) 

according to the mixed effects models reported in Tables 2.2 and 2.3. 

 

 
DISCUSSION 

Scots pine mortality registered at our two study sites was associated with periods of 

severe drought conditions, characterized by low summer water availability (P/PET). 

Although the sample size was relatively low for dead trees, these results offer 

independent evidence supporting that recent mortality events at the two study sites 

were induced by drought, confirming previous observational accounts (Martínez-

Vilalta and Piñol 2002; Galiano et al. 2010). These results also agree with previous 

reports of lagged tree mortality after drought (Guarín and Taylor 2005; Bigler et al. 

2006; Bigler et al. 2007). Despite the claim that drought and heat-induced tree 

mortality events have become widespread (e.g., Allen et al. 2010), the direct link 

between water scarcity and tree death is often poorly documented (but see, for 

example, Villalba and Veblen 1998; Guarín and Taylor 2005; Bigler et al. 2007). In 

many instances, causation remains a challenge in the study of forest decline, in part 

due to the multiplicity of interacting factors that may contribute (Manion 1991; 

Pedersen 1998). 

 

Consistent with our initial hypothesis, mortality affected preferentially trees that had 

lower radial growth rates (Pedersen 1998; Bigler and Bugmann 2003; Bigler et al. 
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2006). However, this difference in growth rate between surviving and now-dead trees 

was not present throughout the study period. It appeared around 1965 at Prades and 

around 1990 in Arcalís. This result implies a growth decline that started 15 – 40 years 

before the time of death (Figure 2.3a, b), in agreement with the figures reported in 

previous studies (Bigler and Bugmann 2003; Bigler et al. 2006). However, the growth 

decline we observed in now-dead trees appeared relatively continuous, without the 

abrupt reductions observed in other studies (Pedersen 1998; Das et al. 2007). 

 

The fact that now-dead trees at the two sites were more sensitive to climate dryness 

(reduced P/PETsummer and increased temperatures) than surviving trees (Figures 2.4 

and 2.5) suggests that growth decline and eventual mortality are related to different 

tree-level responses to water availability. This interpretation is consistent with the fact 

that rainfall declined and temperature and potential evapotranspiration increased over 

the period 1951 – 2008 at both sites (Figure 2.1). Summer water availability limits the 

duration of the growing season (Rigling et al. 2002; Weber et al. 2007; Eilmann et al. 

2009) and, together with temperature, is the main abiotic factor influencing Scots pine 

growth in Mediterranean regions (Gutiérrez 1989; Martínez-Vilalta et al. 2008). A 

parallel study at one of the studied sites (Arcalís) shows that increased defoliation 

and mortality rates were associated with higher competition and with the level of 

drought stress experienced at the plot level (Galiano et al. 2010). In a study similar to 

ours, McDowell et al. (2010) also found greater growth sensitivity to climate in dead 

than in surviving Pinus ponderosa trees sampled across an elevation gradient in New 

Mexico (USA). 

 

Drought effects on gas exchange and leaf area are obvious candidates for the 

mechanism behind the long-term decline in tree-condition observed in now-dead 

trees (cf. McDowell et al. 2008, 2010). In another recent study at the Arcalís site, 

Galiano et al. (2011) have related the immediate impact of drought on Scots pine 

radial growth with mid-term reductions in leaf area and stem carbon reserves, 

providing a link between tree physiology and long-term declines in tree growth 

induced by drought. The same study showed that low levels of stem carbon reserves 

resulted in increased mortality risk, in agreement with the carbon starvation 

hypothesis (McDowell et al. 2008). In our case, however, it is not possible to establish 
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whether the greater susceptibility to drought of now-dead trees is due to individual 

intrinsic factors (e.g., leaf-specific hydraulic conductivity, vulnerability to xylem 

embolism), or to edaphic or microclimatic effects. 

 

Stand densification due to the abandonment of forest management (Poyatos et al. 

2003; Linares et al. 2010) may have also contributed to the observed temporal trends. 

Vilà-Cabrera et al. (2011) have shown that forest structure interacts with water 

availability to determine mortality rates of Scots pine across Spain, suggesting that 

increased competition for water resources may reinforce the effects of reduced water 

availability. However, differences in forest management are very unlikely to explain 

the different behavior of living and now-dead trees within a site, because the studied 

forests have not been managed during the last decades and both tree types were 

sampled on the same transects. 

 

In conclusion, our study provides strong evidence for drought-induced mortality at two 

Scots pine sites at the south-western limit of the distribution of the species. 

Additionally, a likely mechanism explaining the different susceptibility of coexisting 

trees is proposed which involves increased sensitivity to climate dryness over a long 

time period preceding death. If climate change predictions are fulfilled and the global 

increase in average and extreme temperatures (IPCC 2007) is accompanied by 

reductions in rainfall in many regions, including the Mediterranean Basin (Bates et al. 

2008), forest decline events such as the ones reported in this study are likely to 

become widespread (cf. Allen et al. 2010). Populations at the dry limit of the species’ 

range, such as Scots pine in the Mediterranean Basin are likely to be particularly 

vulnerable. Finally, the fact that growth patterns are different between surviving trees, 

and those that are going to die, as shown here and in previous studies (Pedersen 

1998; Ogle et al. 2000; Suarez et al. 2004), offers a way to identify those trees prior to 

mortality events, which may aid the design of forest management plans to mitigate 

the effects of changing climate. 
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Supplementary Figure 2.1 - Temporal (1951-2008) ring widths (RW) of Scots pine 

trees from Prades. Error bars show standard errors. 

 

 

Supplementary Figure 2.2 - Temporal (1951-2008) ring widths (RW) of Scots pine 

trees from Arcalίs. Error bars show standard errors. 
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Supplementary Figure 2.3 - Correlation coefficients of growth indices with 

precipitation and temperature data corresponding to August (Year prior to growth) to 

December (Year of growth) period, for Prades (a) and Arcalís (b). Climate and growth 

data data are from the period 1952 to 2008. Asterisks indicate significant relationships 

(P<0.05). 
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ABSTRACT 

Widespread drought-induced tree mortality has been documented around the world 

and might increase in frequency and intensity under warmer and drier conditions. 

Nevertheless, ecophysiological differences between dying and surviving trees, which 

might underlie predispositions to mortality, are still poorly documented. Here we study 

Scots pines (Pinus sylvestris L.) from two sites located in north-eastern Iberian 

Peninsula where drought-associated mortality episodes were registered during the 

last decades. Time trends of discrimination against 13C (∆13
C) and intrinsic water-use 

efficiency (WUEi) in tree rings at annual resolution and for a 34 years period are used 

to compare co-occurring now-dead and surviving pines. Results indicate that both 

surviving and now-dead pines significantly increased their WUEi over time, although 

this increase was significantly lower for now-dead individuals. These differential WUEi 

trends corresponded to different scenarios describing how plant gas exchange 

responds to increasing atmospheric CO2 (Ca): the estimated intercellular CO2 

concentration was nearly constant in surviving pines but tended to increase 

proportionally to Ca in now-dead trees. Concurrently, the WUEi increase was not 

paralleled by a growth enhancement, regardless of tree state, suggesting that in 

water-limited areas like the Mediterranean, it cannot overcome the impact of an 

increasingly warmer and drier climate on tree growth. 
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INTRODUCTION 

Drought-related episodes of tree mortality have been reported in many areas of the 

globe (Allen et al. 2010), and they are expected to become more frequent as climate 

gets warmer and drier (IPCC 2007; Williams et al. 2013). Western Mediterranean 

forests are ecosystems subjected to chronic water shortage. They are also likely to be 

especially vulnerable to an increase in the timing and severity of drought events 

(Bakkenes et al. 2002), since in this region temperature is estimated to raise about 3-

4°C (Christensen et al. 2007) and precipitation might decrease up to 20% (Bates et 

al. 2008) during the 21st century. In particular, species reaching their southern 

distribution limit in the Mediterranean basin may be especially sensitive to the 

projected increases in drought frequency and intensity (Castro et al. 2004; Hampe 

and Petit 2005; Matías and Jump 2012). 

 

The mechanisms that underlie drought-induced tree mortality are yet to be completely 

understood, although they are thought to be tightly linked to the tree water and carbon 

economy (Manion 1991; McDowell et al. 2008; Sala et al. 2010; McDowell 2011). 

Photosynthesis and metabolic sink activities can be substantially reduced or even 

ceased during severe drought, affecting the allocation of carbon to wood formation to 

varying degrees (McDowell et al. 2010). Thus, dying trees usually show characteristic 

growth patterns, including reduced growth (Pedersen 1998; Bigler et al. 2006; Hereş 

et al. 2012), high growth variability (Ogle et al. 2000) or greater growth sensitivity to 

climate (McDowell et al. 2010; Hereş et al. 2012). 

 

Wood records climatic and physiological information traceable back in time (Fritts 

2001; Vaganov et al. 2006) through features such as tree-ring width and carbon 

isotope composition (δ13C) (McCarroll and Loader 2004). In seasonally-dry climates, 

tree-ring δ13C depends largely on tree water availability owing to the influence exerted 

by drought on the stomatal regulation of gas exchange (Warren et al. 2001; Ferrio et 

al. 2003). Thus, it reflects variation in intrinsic water-use efficiency (WUEi; the ratio of 

assimilation to water loss through the stomata) (Farquhar et al. 1982). Under a 

warmer and drier climate with higher CO2 concentrations (IPCC 2007), trees are 

expected to improve their WUEi (Eamus 1991; Beerling 1997), as higher 
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temperatures and increased CO2 concentrations stimulate photosynthesis (Long 

1991; Sage et al. 1995) and stomata reduce water losses in response to drought. An 

enhancement of WUEi in trees has already been observed for the 20th century, 

although it has not been paralleled by an expected stimulation of growth (Peñuelas et 

al. 2008; Peñuelas et al. 2011; Andreu-Hayles et al. 2011). However, the association 

between WUEi and growth appears to be species-dependent in Mediterranean 

ecosystems (Peñuelas et al. 2008; Maseyk et al. 2011; Linares and Camarero 2012), 

which suggests that the impact of global change drivers on Mediterranean forests in 

the short-term and, hence, future vegetation shifts, will be strongly determined by the 

extent of acclimation responses of individuals (Pías et al. 2010). 

 

Recent investigations reveal that dying hardwoods (Levanič et al. 2011) and declining 

conifer trees (Linares and Camarero 2012) also increase their WUEi over time, 

although at different rates than surviving individuals. Other δ13C-related 

characteristics of dead trees include no apparent climatic sensitivity of their gas 

exchange traits and steeper negative relationships between gas exchange and 

growth (McDowell et al. 2010). However, retrospective analyses of tree-ring δ13C on 

dead, dying or declining trees are still scarce. In this context, direct comparisons of 

living and dying trees growing together in a particular stand should provide insight into 

the physiological mechanisms underlying their differential responses to raising 

atmospheric CO2 concentrations, including the observed decoupling between growth 

and WUEi. 

 

In this study, we focused on Scots pine (Pinus sylvestris L.), a widely distributed 

boreal tree species that reaches its southwestern (and dry) limit in the Iberian 

Peninsula (Barbéro et al. 1998; Matías and Jump 2012). During the last two decades, 

Scots pine has suffered important mortality episodes in the western part of the 

Mediterranean basin, following severe drought events (Martínez-Vilalta and Piñol 

2002; Galiano et al. 2010; Hereş et al. 2012). This species presents a tight coupling 

between newly produced assimilates and wood formation for individuals undergoing 

severe drought conditions (Eilmann et al. 2010), which is consistent with a low 
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availability of reserve carbohydrates and its possible role in drought-induced mortality 

(Galiano et al. 2011). 

 

Here, we examined, with an annual resolution and at the level of individual trees (i.e., 

without pooling samples, cf. Dorado Liñán et al. 2011), carbon isotope discrimination 

(∆13C) and WUEi derived from δ13C records in tree rings of co-occurring living and 

now-dead Scots pines. These individuals were sampled at two sites where we 

recently found a direct association between tree mortality and severe drought 

episodes characterized by low summer water availability (Hereş et al. 2012). Our 

main objective was to investigate differences in ecophysiological performance 

between now-dead and surviving Scots pines so as to understand a possible long-

term predisposition to mortality in a context of climate change. Also, we were 

interested in assessing the relationship between WUEi and tree growth (in terms of 

basal area increment, BAI), as the growth of trees that died started to decline 15-40 

years before death compared with that of surviving neighbours (Hereş et al. 2012). 

We hypothesized that now-dead trees would be intrinsically more vulnerable to 

drought and, therefore, would show a lower rate of WUEi increase in response to 

rising atmospheric CO2 concentrations, a more pronounced climatic sensitivity of 

WUEi and a steeper negative relationship between WUEi and growth (BAI), compared 

to their surviving neighbors. 

 

MATERIALS AND METHODS 

Study sites 

Scots pine trees were sampled at two sites located in the North East of the Iberian 

Peninsula (Catalonia): Prades (Bosc de Poblet, Prades Mountains, 41°33’N, 1°01’E) 

and Arcalís (Soriguera, Central Pyrenees, 42°34’N, 1°09’E), where high mortality 

rates have been observed in the last two decades (Martínez-Vilalta and Piñol 2002; 

Galiano et al. 2010; Hereş et al. 2012). The climate in Prades is typically 

Mediterranean while in Arcalís it is characterized by cool-summer Mediterranean 

conditions (Köppen 1936). The mean annual temperature is higher in Prades (11.2°C) 

than in Arcalís (9.7°C), while the mean annual rainfall is slightly lower in Prades (611 

mm) than in Arcalís (653 mm). July is the warmest month with an average of 21.3°C 
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for Prades and 19.9°C for Arcalís, while January is the coolest month with 

temperature averages of 3.1°C and 1.85°C in Prades and Arcalís, respectively 

(Climatic Digital Atlas of Catalonia, period 1951-2006) (Pons 1996; Ninyerola et al. 

2000). Scots pine forests appear above 800 m a.s.l. in Prades, with an average 

density of about 350 trees ha-1 (Martínez-Vilalta et al. 2009), while at lower altitudes 

Scots pine is replaced by Quercus ilex (L.) and other typical Mediterranean species. 

At this site, the maximum tree age is ≈150 years (Hereş et al. 2012). In Arcalís, Scots  

pine grows between 600 and 1500 m a.s.l., with an average density of about 1070 

trees ha-1, while other species are dominant at lower (Quercus humilis Mill., Quercus 

ilex L.) or at higher altitudes (Betula pendula Roth) (Galiano et al. 2010). At Arcalís, 

the maximum tree age for Scots pine is ≈100 years (Hereş et al. 2012). Forest 

management has been minimal during the last decades at both study sites (Martínez-

Vilalta et al. 2009; Galiano et al. 2010). 

 

Sampling 

The sampling campaigns were conducted in late autumn 2008 (Prades) and in early 

spring 2009 (Arcalís), and consisted in coring living and dead Scots pine trees along 

two transects per each site. The last complete annual ring for the living trees was 

2008. The two transects were located on north-facing slopes and differed between 

them in altitude (800-1300 m a.s.l.) and humidity conditions (wet, dry) (Piñol et al. 

1991; Galiano et al. 2010) (Table 3.1). Transects were linear and perpendicular to the 

slope. They started at random points and ended when all needed trees had been 

sampled, having thus a length that varied between 240 and 400 m. Trees were 

sampled within a 5 m distance from the line-track, taking care to keep a distance of at 

least 5 m between them (for more details see Chapter 2). At the wet transects, only 

living trees (wetL) were sampled, as mortality was very low, while at the dry transects, 

both living and dead individuals (dryL, dryD) were cored. Selected trees had similar 

diameter (around 30 cm) at breast height (DBH) (Table 3.1). Two wood cores per tree 

were extracted at breast height in a direction perpendicular to the slope, using 5 and 

12 mm Pressler borers (Suunto©, Vantaa, Finland; Haglöf© AB, Långsele, Sweden). 

The 5 mm cores were used in Chapter 2, from where BAI data is available (Table 

3.1) (Hereş et al. 2012). Thirty of the 12 mm wood cores (representing a total of 30 

living and dead trees) were selected here to analyze tree-ring δ13C (Table 3.1) with 
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annual resolution, after checking their cross-dating consistency with the previously 

published chronology (Hereş et al. 2012). One of the dead trees from Prades was 

removed from the final dataset as it gave very deviating isotopic values for some tree 

rings, most likely as a result of contamination during the α-cellulose extraction (see 

next section). The final dataset comprised 20 living (wetL and dryL) and nine dead 

trees (dryD) (Table 3.1). 

 
Table 3.1 – Sites characteristics, BAI, δ13C and WUEi data. BAI values are calculated 

for the 1975-2008 period for the living trees and for the 1975-year of death interval for 

the npw-dead ones. Abbreviations: DBH, DBH, diameter at breast height; s.d., 

standard deviation 
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Carbon isotope analyses 

To analyze δ13C with annual resolution, the available wood cores were first separated 

with a scalpel into individual annual rings under a binocular microscope (Leica EZ4, 

Leica Microsystems, Germany) for a period that started at the outermost ring of each 

sample and went back to the year 1975. By doing this, at least the first 25 years of 

growth were excluded from the analyses, avoiding the juvenile imprinting of the 

carbon isotope signature (Loader et al. 2007). The total number of years for the living 

trees was 34, while for the dead trees it varied depending on the year of death of 

each individual, which ranged from 2001 to 2008. In order to optimize the recovery of 

climate signals, α-cellulose was extracted following a standard laboratory procedure 

(Modified Brendel and Water-Modified Brendel) (Brendel et al. 2000; Gaudinski et al. 

2005). No treatment that could have altered the isotopic signal was applied to the 

sampled cores previous to the α-cellulose extractions. After α-cellulose was extracted 

from each whole annual ring, a homogenization with ultrasounds (Sonifier 250, 

Branson Ultrasonics, CT, USA) was applied in order to have a representative material 

of each annual ring (Laumer et al. 2009). 13C/12C ratios were determined by mass 

spectrometry analysis at the Stable Isotope Facility of the University of California, 

Davis (USA) and expressed relative to the international standard Vienna PeeDee 

Belemnite (VPDB). A total of 943 samples were processed and the accuracy of 

analyses (standard deviation of working standards) was 0.06‰. 

 

The atmospheric decline in δ13C, caused by fossil fuel emissions (Keeling et al. 1989), 

was removed by calculating ∆13C (Farquhar and Richards 1984) for the period 1975-

2008: 

 

∆
13

C=
δ

13 C
air

− δ 13 C
p

(1+δ 13 C
p
)          (1) 

 

where δ13Cair and δ13Cp are the carbon isotope ratios of the air (derived from ice-core 

records) and tree rings, respectively. δ13Cair values were obtained from published 

datasets (Ferrio et al. 2005b). 
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Using ∆13C data, WUEi and intercellular CO2 concentration (Ci) values were estimated 

according to: 

 

WUE
i
= C

a
×

(b− ∆ )

[1 .6× (b− a )]          (2) 

 

C i=
( ∆− a )× Ca

(b− a )           (3) 

 

where Ca represents the atmospheric CO2 concentration, a is the fractioning during 

diffusion through stomata (4.4‰; O’Leary 1981), and b is the fractioning during 

carboxylation by Rubisco and PEP carboxylase (27‰; Farquhar and Richards 1984). 

Ca values from 1975 to 2003 were taken from the literature (Robertson et al. 2001a; 

McCarroll and Loader 2004) while for the period 2004 - 2008 they were estimated by 

means of linear regressions, based on the above mentioned datasets. 

 

Theoretical WUEi values were also calculated according to the three scenarios 

proposed by Saurer et al. (2004). Those scenarios describe how the Ci might follow 

the Ca increase over time: (1) either not at all, when Ci is maintained constant 

(referred to also as “ct” throughout the text); (2) in a proportional way, when Ci/Ca is 

maintained constant; or (3) at the same rate, when Ca-Ci is maintained constant. 

Initial Ci values were obtained for each individual tree by applying equation (3) to the 

average ∆13C and Ca values of the first five years of the study period (1975-1979). We 

used these three scenarios to calculate theoretical WUEi values that were compared 

to the WUEi data obtained from measured δ13C. 

 

Climatic data 

Monthly temperature (T, °C) and precipitation (P, mm) values (until 2006) were 

modelled at a spatial resolution of 180 m from discrete climatic data provided by the 

Spanish Weather-Monitoring System (www.aemet.es) (Ninyerola et al. 2007a, b). 

Data for 2007 and 2008 were estimated by means of linear regression models using a 

second climatic dataset that was available from the Catalan Meteorological Service 

(SMC) (www.meteo.cat). 
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From the available climatic datasets, we calculated the average T, the accumulated P 

and the accumulated P over potential evapotranspiration (P/PET, used as a drought 

index), corresponding to annual (12 months from January to December of the same 

year) and to a 13-month period (from October previous to growth year to October 

current year of growth). The 12-month time period was chosen to represent the time 

trends (from 1975 to 2008) for the climatic variables. The 13-month time interval was 

used for statistical modelling to take into account that pines may use reserve 

carbohydrates assimilated during the previous year for earlywood formation (Saurer 

et al. 1995; Weber et al. 2007; Planells et al. 2009), and was selected based on the 

extent of simple correlations between WUEi and monthly T and P data (see 

Supplementary Figure 3.1). In all cases, PET was estimated using the Hargreaves 

method (Hargreaves and Samani 1982). 

 

Data analysis 

All variables were first checked for normality (Kolmogorov-Smirnov test) and 

logarithm-transformed whenever necessary (BAI). Pearson correlation coefficients 

were used as a measure of association between WUEi and monthly T and P, while 

linear regressions were conducted to assess temporal trends of annual climatic 

variables (T, P and P/PET). In order to check for differences in the relative strength of 

the common ∆13C variance signal for different within- and between-sites series 

combinations, we used the concept of fractional common variance (hereafter referred 

to as afcv throughout the text) as defined for dendroclimatology (e.g., Wigley et al. 

1984): 

 

22

2
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y

fcva
σσ

σ
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)

+
=          (4) 

 

where 2

yσ
)  and 2

e
σ
)

 represent the population between-year (or within-series) and the 

population error estimates of variance component, respectively, that appear in a two-

way mixed model analysis of variance in which the tree identity effect is considered 

as fixed factor and the year effect as random factor. The term afcv is directly related to 

the average inter-series correlation, which indicates how closely the various time 

series are related (Wigley et al. 1984). Closely related series are therefore expected 



Chapter 3 

52  

 

to have a high afcv and a strong common signal. Being afcv a function of variance 

components, its standard error was approximated from the variance and covariance 

of between-year and error variance as reported elsewhere (Fischer et al. 2004). The 

expressed population signal statistic (EPS) was estimated as follows (Wigley et al. 

1984): 

 

)a(N+

Na
=EPS

11 −
         (5) 

 

where N is the number of ∆13C tree-ring series. The number of trees (t) needed to 

achieve EPS=0.85 (the consensus acceptable threshold for signal strength; Wigley et 

al. 1984) was also calculated. 

 

The similarity of ∆13C-based WUEi data with the three theoretical scenarios was 

quantified by means of linear regressions and root mean square error (RMSError) 

statistics. In order to analyze the time trends of ∆13C and WUEi, the influence of the 

climatic variables on WUEi and the relationships between WUEi and growth (logBAI), 

three different sets of mixed linear models testing the assumption of constant 

responses among tree groups to selected covariates (i.e., heterogeneity of slopes 

ANOVA) were fitted to the data. The first model explained ∆13C or WUEi as a function 

of: Condition, Site (Prades, Arcalís), the interaction Condition × Site, the covariate 

Year (from 1975 to 2008), and the interactions Condition × Year, Site × Year, and 

Condition × Site × Year, which tested for heterogeneity of responses over time due to 

differences between conditions, sites or their interaction. Condition was defined as a 

categorical variable with three levels (wetL, dryL, dryD) coding for transect humidity 

(wet or dry) and tree state (Living or Dead). The second model was fitted to test for 

the joint impact of atmospheric CO2 rise and climate on WUEi. To this end, WUEi was 

modelled by sequentially introducing the following terms: Condition, Site, the 

interaction Condition × Site, the covariate Ca and its interactions Condition × Ca, Site 

× Ca, and Condition × Site × Ca, and the covariate P/PET and its interactions 

Condition × P/PET, Site × P/PET, Condition × Site × P/PET. The covariate P/PET 

was introduced after correcting for the effect of Ca as it seemed sensible to test for the 
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potential effect of climate warming on WUEi once the impact of rising atmospheric 

CO2 had been removed from the data. Other climatic variables, such as T or P, were 

also tested but not included in the final models because they were highly correlated 

with each other and with P/PET and Ca over the study period (r >0.4 in all cases). 

P/PET was preferred over T or P because it can be interpreted as an integrative 

measure of the severity of the annual dry season in Mediterranean-like bioclimates 

(UNESCO 1979; Le Houerou 2004). In the third mixed linear model, logBAI was fitted 

according to the following model: Condition, Site, the interaction Condition × Site, the 

covariate WUEi, and the interactions Condition × WUEi, Site × WUEi, and Condition × 

Site × WUEi. Explanatory variables were introduced into the models following the 

ordering stated above for each of them (i.e., using type I sum of squares). In all three 

models, tree identity was introduced as subject (random effect), while Year was 

introduced as repeated effect at the tree level with a first-order autoregressive 

covariance structure to account for temporal autocorrelation. Significant differences in 

the response (slopes) of tree groups to the selected covariates were further examined 

by means of the following set of orthogonal contrasts comparing: a) dead (dryD) 

versus living (wetL and dryL) trees, and b) living trees between them (wetL versus 

dryL). If second order interactions were significant, independent contrasts for every 

site were considered. Model parameters were estimated using restricted maximum 

likelihood methods (REML). Relationships were considered significant at P<0.05. 

Statistical analyses were carried out with SAS (version 9.3, SAS Inc., Cary, NC) and 

SPSS (version 19.0, SPSS Inc., Chicago, IL). 

 

RESULTS 

Time trends 

Mean annual temperature increased significantly both in Prades (R2=0.39, P<0.001) 

and Arcalís (R2=0.54, P<0.001) from 1975 to 2008 (Figure 3.1), at a similar rate of 

≈0.05°C year-1. For the same time period, mean annual precipitation decreased 

significantly in Arcalís (R2=0.16, P<0.05) with an average rate of -5.87 mm year-1, while 

in Prades it showed no significant trend (R2=0.005, P=0.696) (Figure 3.1). P/PET also 

showed a significant decrease in Arcalís, at a rate of -0.007 year-1 (R2=0.22, P<0.01) 

and no time trend in Prades (R2=0.001, P=0.884) (Figure 3.1). 
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Figure 3.1 - Temporal trends (1975-2008) of T, P, P/PET and ∆13C for Prades and 

Arcalís. The ∆13C trend for the dryD trees ends in 2006, as this was the last year with 

a sample size > 2. Error bars indicate standard error. Regression lines are 

represented only if significant. 

 

 

Overall, ∆13C showed a negative tendency for the 34-year period of this study (Figure 

3.1). The comparison of slope responses suggested that changes in ∆13C over time 

were probably not homogeneous among tree conditions (P=0.056 for the term 

Condition × Year, Table 3.2a). In fact, the contrast between dryD and living (wetL and 

dryL) trees was found to be significant irrespective of site (the slope was 0.017‰ 

year-1 higher (less negative) in dryD trees than in living trees, P<0.05). On the other 

hand, no statistical difference was found between the wetL and dryL groups 

(P=0.345). Although ∆13C values were higher at Arcalís than at Prades, there were no 

significant changes in ∆13C over time due to either site or site by condition interaction 

(Table 3.2a). 
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Table 3.2a – Results of mixed linear models (ANOVA table) with ∆13C as a function of 

Condition, Site and Year. Significant relationships (P<0.05) are marked in bold. 

Abbreviations: DF, degrees of freedom 

 

Overall, WUEi registered a positive tendency between 1975 and 2008 for all Scots 

pine groups from both sites (Figure 3.2). The comparison of slope responses 

indicated that changes in WUEi over time differed among tree conditions, regardless 

of site (P<0.05 for the term Condition × Year, Table 3.2b). The contrast between dryD 

and living (wetL and dryL) trees was statistically significant (the slope was 0.172 µmol 

mol-1 year-1 smaller (less positive) in dryD than in living trees, P<0.05), whereas the 

slope comparison between living individuals (wetL versus dryL) showed no statistical 

significance (P=0.374). As for ∆13C, there were no significant changes in WUEi over 

time due to either site or site by condition interaction (Table 3.2b). 

 
Table 3.2b – Results of mixed linear models (ANOVA table) with WUEi as a function 

of Condition, Site and Year. Significant relationships (P<0.05) are marked in bold. 

Abbreviations: DF, degrees of freedom 
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Signal strength of ∆∆∆∆13C series 

The strength of the common ∆13C signal for different series combinations is 

summarised in Table 3.3. At the within-site level, the six tree groups were initially 

considered as separate (wetL, dryL and dryD for the two sites). For this primary 

grouping, the mean inter-series correlation (afcv) took values around 0.5 or less, and 

no obvious differences in signal strength were evident when comparing these six 

groups (as indicated also by the magnitudes of SE (afcv)). EPS did not reach the 0.85 

threshold value, although in most cases it was close to it (0.84). Therefore, the 

estimated number of trees required to achieve EPS=0.85 exceeded the amount of 

sampled trees for each group (t>5 in most cases). 

 

Table 3.3 – Strenght of the common ∆13C signal. Abbreviations: n, number of trees 

combined; afcv, fractional common variance; SE (afcv), standard error associated to the 

mean inter-correlation afcv; EPS, expressed population signal; t, number of trees 

needed to achive an EPS=0.85 
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When combining series of living trees (wetL and dryL) at either site, afcv values did not 

depart substantially from the averaged afcv’s of the original tree groups, indicating that 

there was not a transect-specific chronology signal for the surviving individuals. EPS 

values were now >0.85, as this parameter is strongly dependent on the number of 

series. In Prades, when now-dead individuals were also added, a decrease of afcv 

coupled with an increase of t was registered, indicating that those trees did not have a 

good synchronicity with their surviving neighbours. This wasn’t the case for Arcalís, 

where afcv value slightly increased and t value slightly decreased when now-dead 

trees were considered together with the surviving ones. EPS values remained higher 

than 0.85 at both sites. 

 

When living trees from Prades and Arcalís were pooled together, the quality of the 

signal strength remained unaffected (i.e., afcv and t exhibited similar values to those 

observed for either site separately). In contrast, now-dead trees from Prades and 

Arcalís behaved quite differently, as afcv and EPS decreased when they were pooled 

together (yielding the lowest afcv value of all possible combinations), and t increased, 

as compared with the values of both sites separately. When all trees of both sites 

were combined to provide an estimate of signal strength at a broad geographical 

scale, the afcv and t estimates were similar to those of Prades alone. 

 

WUEi scenarios and climate influence on WUEi  

The results obtained comparing the time trends of ∆13C-based WUEi records against 

the three theoretical scenarios of WUEi change (Ci=ct, Ci/Ca=ct, Ca-Ci=ct) indicated 

that the surviving trees from Prades and Arcalís (wetL and dryL) had a behaviour 

similar to the Ci=ct scenario. By contrast, the behaviour of now-dead trees from 

Prades and Arcalís was closer to the Ci/Ca=ct scenario, particularly at the former site 

(see Supplementary Table 3.1, Figure 3.2). These results remained qualitatively 

similar if year 1996, which showed unusually low values for all trees at the Arcalís site 

(Figure 3.2), was not included in the analyses (data not shown). 
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Figure 3.2 - Time trends of ∆13C-based WUEi data in relation to three theoretical 

scenarios (described in Materials and methods) for living and now-dead Scots pines 

from Prades and Arcalís. The ∆13C-based WUEi trend for the dryD trees ends in 2006, 

as this was the last year with a sample size > 2. Abbreviation: ct, constant. 

 

 

Both Ca and P/PET significantly influenced WUEi at the two study sites (Table 3.4). Ca 

had an overall positive effect, while P/PET determined an overall negative influence 

on WUEi during the 34 years considered here (Figure 3.3). The comparison of slope 

responses indicated that changes in WUEi due to raising atmospheric CO2 were 

heterogeneous among tree conditions, regardless of site (P<0.05 for the term 

Condition × Ca, Table 3.4). The contrast between dryD and living (wetL and dryL) 

trees was statistically significant (the slope was 0.125 µmol mol-1 ppm-1 smaller (less 

positive) in dryD than in living trees, P<0.01), whereas the slope comparison between 

living individuals (wetL versus dryL) showed no statistical significance (P=0.369). 

There were no significant changes in the response of WUEi to raising atmospheric 

CO2 due to either site or site by condition interaction. On the other hand, changes in 

WUEi driven by P/PET fluctuations did not depend on condition, site or condition by 

site interaction (Table 3.4). 
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Table 3.4 – Results of mixed linear models (ANOVA table) with WUEi as a function of 

Condition, Site, Ca and P/PET. Significant relationships (P<0.05) are marked in bold. 

Abbreviations: DF, degrees of freedom 

 

Figure 3.3 - The effects of Ca and P/PET on WUEi as a function of Condition and 

Site. Different letters indicate significant differences between slopes of wetL, dryL and 

dryD trees according to a Least Significant Difference test (α=0.05). 
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Relationships between WUEi and BAI 

The positive trend that WUEi showed over the 34 years study period did not translate 

into an enhancement of BAI. In fact, a negative relationship was found between these 

two variables, indicating that while Scots pines experienced an increase in WUEi, 

their BAI decreased (Figure 3.4). The comparison of slopes indicated that the 

response of BAI to WUEi depended simultaneously on condition and site (Table 3.5). 

In Prades the contrast between dryD and living (wetL and dryL) trees was statistically 

significant (the slope was 0.009 cm2 mol µmol-1 smaller (more negative) for surviving 

trees, P<0.05). In Arcalís, however, the contrast was statistically significant between 

dryL and wetL individuals (the slope was 0.008 cm2
 mol µmol-1 smaller (more 

negative) for living trees from the dry transect, P<0.01), but not between now-dead 

and surviving individuals. 

 
Figure 3.4 - Relationships between WUEi and BAI as a function of Condition and 

Site. Different letters indicate significant differences between slopes of wetL, dryL and 

dryD trees according to a Least Significant Difference test (αααα=0.05). 
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Table 3.5 - Results of mixed linear models (ANOVA table) with logBAI as a function 

of Condition, Site, and WUEi. Significant relationships (P<0.05) are marked in bold. 

Abbreviations: DF, degrees of freedom 

 

 

DISCUSSION 

Structure of the ∆∆∆∆13C signal in now-dead and living trees 

Overall, mean inter-series correlations (afcv) for ∆13C at the within-site level were in 

the lower range of values reported in the literature, e.g., 0.62-0.80 for Pinus sylvestris 

(L.) in Finland (McCarroll and Pawellek 1998) or 0.57 for Pinus edulis (Engelm.) in 

Arizona (Leavitt 2010). Accordingly, EPS values below the consensus threshold value 

of 0.85 (Wigley et al. 1984) were observed at the group level, regardless of site, 

transect and tree condition. This threshold value is considered particularly relevant for 

paleoclimatic reconstructions (McCarroll and Pawellek 1998), while in 

dendroecological studies it is just an indicator of signal strength useful to compare 

different series combinations. Our EPS values, however, were similar to those 

reported in mountain dry environments for 13C chronologies made up of 4-6 trees, 

either for conifers (0.80-0.90; Gagen et al. 2004) or hardwoods (0.84; Aguilera et al. 

2011), which suggests that under such conditions it may be advisable to increase the 

number of sampled trees to at least 7-8 individuals in order to strengthen the 

combined chronology 13C signal. 

 

At the within-site level, our results suggest that now-dead trees were slightly more 

synchronous than their surviving neighbours. However, it must be stressed that the 
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associated SE’s were high enough as to prevent strong conclusions on this point. The 

clear reduction in synchronicity observed after pooling series of now-dead and living 

individuals from Prades (the most xeric of the two sites) points to the presence of a 

differential physiological reaction in dying and surviving Scots pine trees to the 

climatic fluctuations of the last decades under very limiting conditions. Indeed, such 

an outcome is related to the differential response to factors underlying WUEi variation 

at the tree groups level (see below), and may be associated to differences in their 

ability to cope with different local factors (e.g., drought, microecological conditions) 

(Andreu et al. 2008). On the other hand, the realisation that living trees from a 

particular site were about equally correlated between them regardless of ecological 

condition (dry or wet transect) might indicate that microenvironmental heterogeneity 

(e.g., edaphic, age or competition effects) tends to blur larger-scale ecological 

constraints of tree performance (e.g., water availability) registered in tree rings, at 

least in this Mediterranean system. 

 

At a larger geographical scale, the relatively high afcv (unrelated to sample size) and 

EPS (highly dependent on sample size) values found when living individuals from 

Prades and Arcalís were combined, suggests that climate could be the principal 

cause underlying synchronicity among trees. Prades and Arcalís are >100 km away 

from each other and no other factors besides the climatic ones are likely to act at 

such a wide spatial scale (Hughes et al. 1982; Andreu et al. 2007). Previous studies 

have shown that δ13C series are less sensitive to local factors than growth patterns 

and therefore they reflect better the climatic signal at larger scales (Gagen et al. 

2004; Andreu et al. 2008). 

 

Temporal dynamics of WUEi 

Now-dead and living Scots pines from Prades and Arcalís significantly increased their 

WUEi over the 34 years considered for this study, consistent with recent findings for 

temperate and boreal forests of the Northern Hemisphere (Keenan et al. 2013). 

Nevertheless, the rate of increase of WUEi was lower in now-dead individuals, 

implying that, compared to surviving individuals, those pines were not able to take full 

advantage (e.g., controlling water losses while maintaining photosynthetic rates) of 

the increasing Ca over time (Waterhouse et al. 2004). Contrary to our hypothesis that 
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now-dead trees would show a more pronounced climatic sensitivity of WUEi (i.e., a 

steeper response to P/PET), no such differences were found with surviving 

individuals. In contrast, McDowell et al. (2010) found that Pinus ponderosa (Doug.) 

trees that died showed no climatic sensitivity of their gas exchange traits, although 

this sensitivity was strong in surviving individuals. The lower rates of WUEi increase 

shown by the now-dead Scots pine trees from Prades and Arcalís were the result of a 

behaviour that was consistent with the constant Ci/Ca scenario over time (Prades) or 

in between the Ci/Ca=ct and Ci=ct scenarios (Arcalís), in contrast to the constant Ci 

behaviour observed for the surviving trees at both sites. These results are in 

agreement with those reported by Linares and Camarero (2012) showing that 

declining Abies alba (Mill.) individuals also behaved closer to the constant Ci/Ca 

scenario. Nevertheless, this behaviour seems not to be limited to trees affected by 

drought-induced decline, as it has also been reported for Pinus and Larix species 

growing at high northern latitudes in Eurasia, where it has been attributed to a 

regulative response to the rising CO2 concentrations in which Ci/Ca is used as a set 

point for the gas exchange (Saurer et al. 2004). 

 

The constant Ci/Ca scenario implies a progressive increase of the WUEi due to the 

proportional regulation of stomatal conductance and photosynthesis (Wong et al. 

1979; Saurer et al. 2004). Water stress conditions are known to reduce stomatal 

conductance and photosynthesis, although stomatal conductance is normally more 

affected (Farquhar et al. 1989). A possible explanation of the result that trees 

suffering drought-induced decline are not able to react to changes in Ca over time as 

efficiently (i.e., maintaining a constant Ci) as their living counterparts, is the presence 

of non-stomatal limitations to photosynthesis. Under drought conditions, these 

limitations might involve decreases in mesophyll conductance to CO2, as has been 

reported in experimental (e.g., Galmés et al. 2007) and modelling studies (Keenan et 

al. 2010) for Mediterranean species. Differences in whole plant structure and 

tolerance to hydraulic failure, either environmentally- or genetically-induced, have 

been reported to determine different rates of recovery of mesophyll conductance after 

recurrent drought events (Flexas et al. 2012), which may have conditioned the 

capacity to survive drought in declining trees by hindering photosynthetic activity and 

WUEi in the long-term. 
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Since respiration rate increases with temperature, an alternative explanation of the 

shallower response of WUEi to Ca in now-dead trees could be the higher sensitivity of 

respiration to rising temperature in these trees. Both higher non-stomatal limitations to 

photosynthesis and increased respiration affect negatively the tree carbon balance 

and, in combination with drought-induced defoliation, may lead to depleted reserves 

and carbon starvation, as has been observed at the study sites (Galiano et al. 2011; 

Poyatos et al. 2013). In any case, the partial decoupling between rising CO2 

concentrations and WUEi in now-dead trees suggests that a critical point in raising 

WUEi under increasing CO2 concentrations may have been reached, and that drought 

can counterbalance the stimulating effect of increasing CO2 concentrations on the 

plant carbon budget (Duquesnay et al. 1998; Saurer et al. 2004; Waterhouse et al. 

2004; Linares et al. 2009; Linares and Camarero 2012). 

 

Relationship between WUEi and radial growth 

Overall, Scots pine trees from Prades and Arcalís showed a negative relationship 

between WUEi and BAI, indicating that increasing WUEi over time may not translate 

into growth enhancements, particularly in drought-prone areas (Peñuelas et al. 2008; 

Peñuelas et al. 2011; Andreu-Hayles et al. 2011). Contrary to McDowell et al. (2010) 

in Pinus ponderosa (Doug.) or Voltas et al. (2013) in Pinus sylvestris (L.) affected by 

a winter-drought induced die-back, we did not observe a steeper negative relationship 

between WUEi and BAI in now-dead trees. This might be due, at least in part, to the 

fact that measured BAI values were low and showed less variability over the study 

period considered in this study (Hereş et al. 2012). In addition, it remains unclear how 

changes in volumetric growth would translate into biomass growth rates, as wood 

density might have also changed. Although we did not measure wood density, our 

own wood anatomy data for these same trees shows that most of the radial growth 

difference between now-dead and surviving trees was explained by differences in 

tracheid cell production per year (and not by tracheid dimensions) (Hereş et al. 

unpublished data) which suggests that wood density changes did not play a major 

role in this case. 

 

Our results show that increasing WUEi might not be sufficient to overcome the 

impacts of a warmer and drier climate on growth, as those conditions might actually 
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overcome the stimulating effect of rising CO2 in water-limited areas such as the 

Mediterranean (Peñuelas et al. 2008; Linares et al. 2009). This indicates that water 

availability, when limiting, tips the balance towards low growth rates due either to low 

carbon gain per se (Linares et al. 2009), either to the direct effect of drought on cell 

formation and development (Hsiao 1973), or to a combination of both factors. 

 

A direct effect of drought on growth, not necessarily mediated by lowered 

photosynthesis, is supported by the notion that growth is normally more sensitive to 

moderate drought than assimilation (Sala et al. 2012 and references therein). 

Previous studies show that now-dead pines from the same sites studied here started 

to reduce their growth (compared to surviving neighbours) decades before death 

(Hereş et al. 2012) and that decaying pines have low leaf area and extremely low 

levels of carbohydrate reserves (Galiano et al. 2011). As it is unclear whether under 

extreme drought the growth of decaying trees relies increasingly on stored carbon 

pools (cf. Eilmann et al. 2010), an alternative (or complementary) hypothesis would 

be that stored carbon is preferentially allocated to other metabolic uses (e.g., 

defence, rooting). 

 

CONCLUSIONS 

Our study shows that now-dead Scots pine trees had a distinct time trend of WUEi, 

with lower rates of increase in response to rising Ca than surviving individuals. This 

result adds to previous studies at the same sites showing that tree mortality is the last 

stage of a long declining process marked by characteristic growth patterns (Hereş et 

al. 2012) and ecophysiology (Galiano et al. 2011), and suggests fundamental 

differences in photosynthetic limitations and, perhaps, carbon allocation or respiration 

costs between dying and surviving trees. Considering that all studied trees at each 

site were growing in the same valley and thus exposed to reasonably similar 

environmental conditions, our results also suggest that Scots pine trees from Prades 

and Arcalís may be living close to an abrupt survival threshold that, once exceeded, 

leads to tree mortality (Peñuelas et al. 2008; Linares et al. 2009; Linares and 

Camarero 2012; Williams et al. 2013). If the projections of increased drought in the 

studied region are correct (IPCC 2007), episodes of Scots pine die-off are likely to 
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continue, leading eventually to a shift in the dominant vegetation (Galiano et al. 2010; 

Matías and Jump 2012). 
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Supplementary Table 3.1 – Results of linear regressions between ∆13C-based and 

theoretical WUEi values according to the three scenarios proposed by Saurer et al. 

(2004). RMSError values are also given. Abbreviations: β0, intercept; β1, slope; β1
’, 

slope when the intercept is set to 0; RMSError, root mean square error; ct, constant 
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Supplementary Figure 3.1 - Pearson correlations between WUEi and monthly 

climatic variables (T and P). Time interval covers months from previous to growth 

year (jul to dec) and from current year of growth (JAN to DEC). Significant 

correlations are indicated with * (P<0.05) and ** (P<0.01). 
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ABSTRACT 

Widespread episodes of drought-associated tree mortality are predicted to increase in 

intensity and frequency as climate becomes warmer and drier. Nevertheless, 

mechanisms related to tree mortality are still poorly understood. Wood anatomical 

features carry on valuable information that can be extracted at high temporal 

resolution and used in retrospective analyses of tree death. We studied two Scots 

pine (Pinus sylvestris L.) sites, located in North Eastern Iberian Peninsula, where 

drought-induced mortality events have been registered over the last decades. Co-

occurring now-dead and living trees were sampled and their wood anatomical 

features were measured and compared at annual resolution. Our objectives were to 

investigate differences in anatomical features between the two vitality classes and to 

infer past physiological performances that might have determined their death or 

survival. Now-dead trees showed lower tracheid and resin duct production, and 

smaller radial lumen sizes than living trees. These anatomical differences were 

observed throughout the 34-year study period in one site (Prades), but appeared 

more recently, i.e. when mortality rates peaked, at the other site (Arcalís). This 

indicates that dead trees’ hydraulic conductance was severely affected and that 

carbon investment in xylem formation, including resin duct production, was 

constrained, probably due to limited and/or unavailable carbon reserves. Interestingly, 

no differences were found in terms of vulnerability to xylem embolism in the stem 

(inferred from tracheid anatomy) between now-dead and surviving individuals. 

Altogether, our findings show that both hydraulic deterioration and low allocation of 

carbon into the xylem were associated to drought-induced mortality at the studied 

Scots pine sites, although the temporal dynamics of these processes differed 

markedly between populations. 
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INTRODUCTION 

Episodes of drought-associated tree mortality have been reported in all major forest 

biomes of the Earth (Allen et al. 2010), and are likely to become more frequent under 

a progressively warmer and drier climate (IPCC 2007). Consequently, understanding 

the mechanisms that underlie tree mortality has become a research priority. In 

Mediterranean regions like the Iberian Peninsula, water availability is the main limiting 

factor for tree growth (Cherubini et al. 2003; Martínez-Vilalta et al. 2008 and 

references therein). In these regions, temperature and evapotranspiration have 

increased during the last decades, in concert with the frequency and intensity of 

severe droughts (Piñol et al. 1998; IPCC 2007). Mediterranean forests are thus 

considered to be especially vulnerable to the increase in the occurrence of severe 

droughts predicted by climate change models (Giorgi and Lionello 2008; Martίnez-

Vilalta et al. 2012; Matίas and Jump 2012). 

 

The mechanisms that underlie drought-induced tree mortality are still poorly 

understood and highly debated (McDowell et al. 2008, 2011; Sala et al. 2010; 

McDowell and Sevanto 2010; McDowell 2011). The efficiency and safety of the water 

transport through the xylem is critical for tree performance, especially under stressful 

climatic conditions such as those imposed by droughts (e.g. Choat et al. 2012). Trees 

growing in dry areas must maintain a functional water transport system by keeping 

the xylem water potentials above cavitation thresholds when facing drought events 

(Bréda et al. 2006; Brodribb and Cochard 2009). In the case of conifers, building 

tracheids with narrow lumens and thick walls might be advantageous under these 

circumstances, as the risk of cavitation generally decreases with smaller lumen 

diameter and thicker cell walls reduce the risk of collapse (Hacke et al. 2001; Cochard 

et al. 2004). Conduit lumen size is expected to be reduced when trees face water 

stress, as radial enlargement is particularly sensitive to water deficit (Hsiao and 

Acevedo 1974; von Wilpert 1991). At the same time, tracheids that have a reduced 

lumen diameter are less efficient for water transport, as the hydraulic conductivity 

increases with the fourth power of lumen diameter according to the Hagen-Poiseuille 

law (Tyree and Zimmermann 2002). In addition, prolonged water deficit can affect 

tracheid division to such degree that later on precipitations might not be able to 
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compensate for past cumulative stress. As a consequence, narrow rings formed by 

tracheids with reduced lumen size are built, which translates into reduced water 

supply to the crown (Zweifel et al. 2006). 

 

Wood anatomy studies on dead/dying trees vs. living ones are still scarce (but see 

Levanič et al. 2011), yet they can bring valuable information about mortality 

processes because xylem represents a reliable and long-term proxy of hydraulic 

performance. A retrospective analysis of the potential hydraulic performance of trees 

is feasible through wood-anatomical analyses, which constitute a powerful tool for 

investigating tree responses to past stress conditions (Vaganov et al. 2006). Further, 

this tool has the advantage of a higher temporal resolution than tree rings (Fritts 

2001). The environmental conditions acting during wood formation determine cells’ 

features, leaving permanent imprints at the conduit level (Denne and Dodd 1981; 

Wimmer 2002; Fonti et al. 2010). The long-term theoretical hydraulic performance of 

a tree can be thus reconstructed through the analyses of anatomical characteristics of 

transversal wood cross sections. 

 

In Europe, especially in areas characterized by dry climatic conditions, several 

episodes of drought-induced mortality of Scots pine (Pinus sylvestris L.) have been 

reported (Martínez-Vilalta and Piñol 2002; Bigler et al. 2006; Eilmann et al. 2006; 

Galiano et al. 2010; Hereş et al. 2012; Vilà-Cabrera et al. 2013; Rigling et al. 2013). 

Scots pine is a boreal tree species, widespread in the Northern Hemisphere and 

considered the most widely distributed conifer in the world (Nikolov and Helmisaari 

1992). It reaches its south-western (and dry) distribution limit in the Iberian Peninsula 

(Barbéro et al. 1998), where about half of its range is represented by natural 

populations (Catalan Bachiller et al. 1991; Martín et al. 2010). Scots pine is a “drought-

avoiding” species, with a relatively high vulnerability to xylem embolism (Cochard 1992) 

and a fast stomatal response to reduce evaporative water loss under drought 

conditions (Irvine et al. 1998; Poyatos et al. 2013). 

 

In this study, we compare the wood anatomy of co-occurring now-dead and living 

Scots pine trees sampled at two sites located in North Eastern Iberian Peninsula. The 

analyses are made at an annual resolution for a period of 34 years (1975 to 2008). 
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Previous studies on the same individuals showed that tree mortality was associated 

with severe drought periods and that now-dead individuals started to grow less than 

their surviving neighbours 15 to 40 years before death occurred, depending on the 

site (Hereş et al. 2012). Our main objective here was to compare the stem xylem 

structure of now-dead trees and their surviving neighbours during the period previous 

to death. We retrospectively describe wood anatomy variability in terms of hydraulic 

conductivity and carbon investment in xylem structure (e.g. number of tracheids, cell-

wall thickness) and defence (production of resin ducts). More specifically, we aimed 

at establishing whether now-dead trees were structurally more vulnerable to xylem 

embolism than living ones, had an impaired hydraulic system due to the production of 

very narrow tracheids or reduced their carbon investment in the xylem, which could 

reflect low carbon availability. 

 

MATERIALS AND METHODS 

Study sites 

Two Scots pine sites located in the North East of the Iberian Peninsula were selected: 

Prades (Prades Mountains, 41°33’N, 1°01’E) and Arcalís (Soriguera, Central 

Pyrenees, 42°34’N, 1°09’E). At these two sites, high mortality rates following 

particularly dry years have been observed starting in the 1990s (Martínez-Vilalta and 

Piñol 2002; Galiano et al. 2010; Poyatos et al. 2013). In addition, a direct association 

between tree mortality and severe drought periods characterized by low water 

availability in summer has been reported (Hereş et al. 2012). The climate in Prades is 

typically Mediterranean while in Arcalís it is characterized by cool-summer 

Mediterranean conditions (Köppen 1936). Mean annual temperature in Prades is 

around 11.2°C, and the mean annual rainfall is 611 mm. In Arcalís, the mean annual 

temperature is lower (9.7°C), and the mean annual rainfall is slightly higher (653 mm) 

than in Prades (Climatic Digital Atlas of Catalonia, period 1951-2006) (Pons 1996; 

Ninyerola et al. 2000). The vegetation type at the two sites follows an altitudinal 

gradient, with Mediterranean species at low altitudes and Scots pine appearing above 

800 m in Prades and between 600 and 1500 m in Arcalís. The soils in Prades are 

xerochrepts with a clay-loam texture (Hereter and Sánchez 1999), and in Arcalís they 
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are calcareous with a clay-loam texture and have a low water retention capacity 

(Galiano et al. 2010). 

 

Sampling 

Scots pine trees used in this study were sampled in late autumn 2008 (Prades) and 

early spring 2009 (Arcalís) along constant altitude transects (1000 m a.s.l for both 

sites) located on north facing slopes. Sampling consisted in coring at breast height 

(1.3 m) and orthogonal to the slope co-occurring living (L) and dead (D) individuals 

using increment borers. Here we use 20 trees (10 per site, i.e. 5 L and 5 D trees) that 

were cross-dated in a previous study (see Chapter 2), from where basal area 

increment (BAI, cm2) and tree-ring width (mm) data are available (Hereş et al. 2012). 

L and D trees did not differ significantly in terms of diameter at breast height (DBH) 

neither in Prades (P=0.793) nor in Arcalís (P=0.533). The age of the L and D 

individuals was also similar between L and D trees both in Prades (P=0.144) and 

Arcalís (P=0.411). Sampled trees were separated from each other or from other adult 

Scots pines, by a distance of at least 5 m. For more details on sampling see Chapter 

2 (Hereş et al. 2012). 

 

Wood anatomy measurements 

The segments of the cores that included the 1975-2008 period were separated into 

small blocks (≈ 1cm long) that were further cut transversally with a sliding microtome 

(Leica SM 2010R; Leica Microsystems, Germany) to obtain fine wood sections (12-18 

µm thick). These sections were stained with a mixture of safranin (0.5%) and 

astrablue (1%) to get a better contrast between tracheid lumen and walls, dehydrated 

repeatedly in an alcohol concentration gradient (50% an 96%), and mounted using a 

synthetic resin (Eukitt; Merck, Darmstadt, Germany) onto permanent glass 

microscope slides. Images of the sections were taken at magnifications of ×40 using 

a camera (Leica DFC290; Leica Microsystems, Germany) attached to a transmitted 

light microscope (Olympus BH2; Olympus, Hamburg, Germany). When tree rings 

were too wide to fit in one image, several adjacent pictures were taken and then 

merged using Adobe Photoshop CS4 (Adobe Systems; San Jose, USA). The images 

were later on used to analyze a total of 646 annual rings, using new Matlab®-based 
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software (DACiA, Dendrochronological Analysis on Conifer Wood Anatomy) 

developed in this study (see next section on Software Description and Chapter 5). 

 

Tracheids were measured along three to five complete radial rows per ring. Measured 

variables, analyzed at the whole ring level (RW) and separately for the earlywood 

(EW) and latewood (LW), included: number of tracheids (NoCells), radial lumen 

diameter (LD) and cell-wall thickness (CWT). The visual identification of LW, based 

on the abrupt shifts in colour and tracheid size was preferred over the delineation 

based on the Mork index (Denne 1988), which proved to largely overestimate LW in 

our case. Radial dimensions were chosen because they vary along time, while the 

tangential dimensions are considered to be practically constant (Vysotskaya and 

Vaganov 1989). Using the measured anatomical features listed above, we calculated 

the theoretical hydraulic conductance (Kh) according to the Hagen-Poiseuille law 

(Tyree and Zimmermann 2002), the (CWT/LD)2 ratio (Hacke et al. 2001), here used 

as a surrogate of the xylem vulnerability to embolism, and the cell carbon cost 

investments (Ccost). Ccost was estimated by multiplying NoCells by CWT for each tree 

ring. In order to estimate the carbon allocation to defence (Kane and Kolb 2010), the 

number of resin ducts produced per annual ring (RDRW) was counted. 

 

A selection of the measured anatomical features was used in further analyses, their 

subscript indicating if they refer to RW, EW or LW portion of the ring: NoCellsRW, 

LDRW, LDEW, CWTRW, CWTLW, KhRW, KhEW, (CWT/LD)2
EW, CcostRW and RDRW (Table 

4.1). This selection was mainly based on the concept that EW has predominantly a 

water conductive function, while LW has mainly a mechanical one (Eilmann et al. 

2006; Vaganov et al. 2006). 

 

Software description: DACiA 

To obtain the anatomical features across transversal wood sections, we developed a 

new semi-automatic Matlab®-based software (DACiA), which is available upon 

request. Based on state-of-the-art thresholding techniques, the software automatically 

identifies the tracheid features of the radial rows initially marked along the tree rings, 

using segmented flexible lines. Further on, a manual procedure corrects pixel by pixel 

possible measurement errors through an interactive graphic interface that helps to 
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precisely delimitate tracheid lumens and walls. Finally, the software exports the 

measured anatomical features directly into their corresponding units of 

measurements to an Excel© or plain text file. 

 

Climatic and environmental data 

Monthly temperature (T, °C) and precipitation (P, mm) values (period 1975- 2006) 

were modelled at a spatial resolution of 180 m from discrete climatic data provided by 

the Spanish Weather-Monitoring System (www.aemet.es) (Ninyerola et al. 2007a, b). 

Missing data for the 2007 and 2008 years were estimated by means of regression 

models using a second climatic dataset that was available from the Catalan Weather 

Service (www.meteo.cat). Based on the available climatic data, the ratio between 

precipitation (P) and evapotranspiration (PET) was calculated (P/PET) and used as a 

drought index. PET was estimated using the Hargreaves method (Hargreaves and 

Samani 1982). 

 

Preliminary correlation analyses had shown that RW, EW and LW anatomical 

features responded to climatic variables averaged over different time periods. On the 

basis of these results and xylogenesis studies on Scots pine (Camarero et al. 1998, 

2010), three different sets of P/PET measures were used, covering the following time 

intervals: 1) from previous August to October of the year of tree-ring formation 

(named current year) for RW (P/PETRW); 2) from previous August to current June for 

EW (P/PETEW), and 3) from current May to October for LW (P/PETLW). P/PETRW, 

P/PETEW or P/PETLW values were used in further analyses depending if the analyzed 

wood anatomical feature  represented RW, EW or LW, respectively (see Table 4.1). 

 

Additionally, the 12-month scale standardized precipitation evapotranspiration index 

(SPEI) (Vicente-Serrano et al. 2010a, b), was used to explore the correlations 

between drought and the measured wood anatomical features. SPEI is a multi-scalar 

drought index that accounts for both the effects of temperature and precipitation on 

drought severity across different time scales. The lower the SPEI value is, the drier 

the conditions are (Vicente-Serrano et al. 2010a, b). Based on the best correlation 

results (Supplementary Figures 4.2a, b) different SPEI time intervals were selected 
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(see Supplementary Table 4.1) specifically for each of the selected wood anatomical 

features (see Table 4.1) and used in further analyses. 

 

Values for the CO2 atmospheric concentration (Ca) for the 1975 to 2003 period, which 

were also used to account for their potential effects on anatomical features, were 

taken from the literature (Robertson et al. 2001a; McCarroll and Loader 2004). 

Missing values for the 2004 to 2008 time interval were estimated by means of linear 

regressions, based on the above mentioned datasets. 

 

Table 4.1 - Statistical parameters of the wood anatomical features measured in living (L) 

and dead (D) trees. Abbreviations: NoCells, number of tracheids; LD, radial lumen 

diameter; CWT, cell-wall thickness; Kh, hydraulic conductance; (CWT/LD)2
EW, ratio 

estimating the xylem vulnerability to embolism according to Hacke et al. (2001); Ccost, 

carbon cost investment; RD, number of resin ducts; SD, standard deviation; CV, 

coefficient of variance. For all anatomical features, subindices indicate if they were 

calculated for the whole ring (RW), for earlywood (EW) or latewood (LW), respectively 
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Data analyses 

All variables were first checked for normality (Kolmogorov-Smirnov test) and 

logarithm transformed when necessary (NoCellsRW, KhRW, KhEW, (CWT/LD)2
EW, 

CcostRW, BAI). In the case of RDRW (a count response variable) no transformation was 

applied, but a Poisson generalized mixed model was used (see below). The 

NoCellsRW variable was not normalized to a common number for all trees (Vaganov 

1990), as raw data clearly showed large differences for this variable between D and L 

Scots pine trees. 

 

Independent samples t-tests were used to analyze differences in DBH and age 

between L and D Scots pines from Prades and Arcalís. Pearson and Spearman’s 

rank correlation coefficients (the Spearman coefficient was used only in the case of 

RDRW) were used to quantify the associations between wood anatomical features and 

climatic variables (T, P and SPEI), while linear regressions were conducted to assess 

temporal trends of annual climatic variables (T, P and P/PET) (see Supplementary 

Figure 4.1). To evaluate the time-related variability of each of the selected wood 

anatomical features, the coefficient of variation (CV) was calculated by dividing the 

standard deviation of each variable by its mean. 

 

In order to analyze the time trends of the wood anatomy features (NoCellsRW, LDEW, 

CWTLW, KhEW, (CWT/LD)2
EW and CcostRW), the influence of the environmental variables 

(Ca and P/PET or SPEI) on them and the relationship between BAI and wood 

anatomical features (NoCellsRW, LDRW, CWTRW, KhRW and CcostRW), linear mixed-

effects models were fitted to the data. A first set of models was fitted for each of the 

studied anatomical variables (NoCellsRW, LDEW, CWTLW, KhEW, (CWT/LD)2
EW and 

CcostRW). In each case, the fixed part of the model included the effects of tree 

Condition (L, D), Site (Prades, Arcalís), the interaction Condition × Site, the covariate 

Year (from 1975 to 2008), and the interactions Condition × Year, Site × Year, and 

Condition × Site × Year. 

 

Secondly, a more complex set of models was fitted in which the wood anatomy 

features (NoCellsRW, LDEW, CWTLW, KhEW, (CWT/LD)2
EW and CcostRW) were analyzed 

as a function of Condition, Site, the interaction Condition × Site, the covariate Ca and 
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its interactions Condition × Ca, Site × Ca, and Condition × Site × Ca, and the covariate 

P/PET (or SPEI) and its interactions Condition × P/PET (or SPEI), Site × P/PET (or 

SPEI), and Condition × Site × P/PET (or SPEI). 

 

A third set of models was used to study the response of BAI to different wood 

anatomical features (NoCellsRW, LDRW, CWTRW, KhRW or CcostRW). In each case, the 

fixed part of the models included the effect of Condition, Site, the interaction 

Condition × Site, the corresponding wood anatomical feature and its interactions with 

Condition, Site, and Condition × Site. 

 

In all models, tree identity was introduced as subject (random effect) and a first-order 

autoregressive covariance structure was used to account for temporal 

autocorrelation. In order to characterize differences between L and D groups, the 

estimated marginal means were analyzed, applying a Bonferroni correction to 

compare the main effects. If second order interactions were significant, separate 

relationships for every site were considered. 

 

In the case of the RDRW, three Poisson generalized mixed models were used. The 

first model accounted for RDRW time trends, and the second model evaluated the 

influence of the environmental variables (e.g. Ca and P/PET (or SPEI)) on RDRW. 

These two models had the same structures as described above for the other selected 

wood anatomical features. The third model accounted for the relationship between 

RDRW and ring width, including the (fixed) effects of Condition, Site, the interaction 

Condition × Site, the covariate ring width, and the interactions Condition × ring width, 

Site × ring width, and Condition × Site × ring width. As before, tree identity was 

introduced as subject (random effect) while a first-order autoregressive covariance 

structure accounted for temporal autocorrelation. 

 

For all models, coefficients were estimated using restricted maximum likelihood 

methods (REML), and relationships were considered significant or marginally 

significant when P<0.05 and 0.05<P<0.1, respectively. Statistical analyses were 

carried out with SPSS (version 15.0, SPSS Inc., Chicago, IL) or R v.3.0 packages 

(The R Foundation for Statistical Computing 2012). 
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RESULTS 

Patterns and trends of wood anatomical features in L and D trees 

In Prades, the temporal variability of the wood anatomical features, evaluated through 

the CV values, was always higher for the D trees as compared with their L 

counterparts (Table 4.1). In Arcalís, although this pattern was also observed for most 

anatomical features, there were cases where the CV values were either similar 

between L and D individuals (LDRW and CWTRW), or slightly lower for the D trees 

(CWTLW) (Table 4.1). 

 

The majority of wood anatomical features considered in this study presented a 

significant negative time trend, the values of the D trees being usually lower than 

those of the L ones, particularly in Prades (Table 4.2, Figure 4.1). Nevertheless, there 

were some wood anatomical features like the LDEW of the L trees from both Prades 

and Arcalís that showed no time trend; or the (CWT/LD)2
EW of the D trees from both 

Prades and Arcalís that presented a significant positive time trend, whereas no trend 

(Arcalís) was observed for this feature in L trees (Table 4.2, Figure 4.1). Overall, 

statistically significant differences were found between the L and D Scots pines from 

Prades and Arcalís in most of the studied anatomical features (NoCellsRW, LDEW, 

CWTLW, KhEW, CcostRW and RDRW) (Table 4.2, Figure 4.1). For all the aforementioned 

features, the predicted values (estimated marginal means) were always lower for the 

D than for the L trees (data not shown). No statistically significant differences were 

found between L and D trees in the case of the (CWT/LD)2
EW feature (P=0.454). 
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Table 4.2 - Results of linear mixed-effects models (estimate ± SE) in which 

anatomical variables varied as a function of Condition (living, L; dead, D), Site 

(Prades, Arcalís) and Year (from 1975 to 2008). Significant relationships at 0.1, 0.05, 

0.01 and 0.001 probability levels are marked with +, *, ** and ***, respectively 
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Figure 4.1 - Time trends of anatomical features (means ± SE) for living (L) and dead (D) 

trees in Prades and Arcalís study sites. Regression lines represent estimated slopes from 

the corresponding general (generalized in the case of RDRW) linear mixed-effects models 

and they are represented only if significant. Asterisks (*) indicate significant differences 

between slopes of L and D trees.  Data for D trees end in 2006, as this was the last year with 

a sample size >2. See Table 4.1 for the meaning of variables’ abbreviations. 
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Resin duct production (RDRW) was positively associated with the tree-ring width 

(Supplementary Table 4.2). The slope of this relationship was similar for L and D 

trees in Arcalís, whereas in Prades it was significantly steeper in D trees (Figure 4.2). 

 

Figure 4.2 - Relationship between the number of resin ducts (RDRW) and ring width 

for living (L) and dead (D) trees at the Prades and Arcalís sites. Regression lines 

represent slopes estimates from the corresponding Poisson generalized mixed 

models and they are represented only if significant. Asterisks (*) indicate significant 

differences between slopes of L and D trees. 

 

 
Environmental influences on anatomical features 

Both Ca and P/PET significantly influenced most of the wood anatomical features. Ca 

had a predominantly negative effect, and P/PET presented a predominantly positive 

one (Table 4.3). The significant effects of Ca did not depend on Condition, Site or the 

Condition by Site interaction for most anatomical features (e.g. NoCellsRW, CcostRW, 

RDRW) (Table 4.3). In the case CWTLW, the significant influence of Ca depended on 

the Condition and on the Condition by Site interaction (Table 4.3). For this anatomical 

feature, the two sites differed significantly between them (P<0.05), with Prades 

presenting a significant positive difference between L and D trees (P<0.01), while in 

Arcalís this difference between the two groups of trees was not significant (P=0.283). 

The effect of Ca on KhEW depended on Site, but not on tree Condition (Table 4.3). 
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Table 4.3 - Results of linear mixed-effects models (estimate ± SE) in which 

anatomical variables varied as a function of Condition (living, L; dead, D), Site 

(Prades, Arcalís), Ca (CO2 atmospheric concentration) and P/PET (ratio between 

precipitation (P) and evapotranspiration (PET)). Significant relationships at 0.1, 0.05, 

0.01 and 0.001 probability levels are marked with +, *, ** and ***, respectively 

 

The effect of P/PET on NoCellsRW was significantly influenced by Condition and the 

Condition by Site interaction. Thus, the two sites differed significantly between them 

(P<0.05), with Prades presenting a significant positive difference between L and D 

Scots pines (P<0.01) that was not observed in Arcalís (P=0.288) (Table 4.3, Figure 

4.3). The significant effect of P/PET on LDEW depended on Site, while its effect on 

CWTLW and CcostRW depended on Condition, with significant positive differences 

between L and D trees in both cases (CWTLW, P<0.1; CcostRW, P<0.001) (Table 4.3, 

Figure 4.3). Finally, the effect of P/PET on KhEW and (CWT/LD)2
EW did not depend on 

Condition, Site or the Condition by Site interaction (Table 4.3). 
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Figure 4.3 - Relationships between wood anatomical features and the ratio between 

precipitation and evapotranspiration (P/PET) as a function of tree Condition (living, L; dead, 

D) and study Site (Prades, Arcalís). Asterisks (*) indicate significant differences between 

slopes of L and D trees. P/PET intervals differ within the same site as different P/PET 

intervals were used depending if the anatomical features represented RW, EW or LW (see 

Materials and methods). See Table 4.1 for the meaning of variables’ abbreviations. 
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The overall response of the wood anatomical features to the SPEI drought index was 

positive, except in the case of (CWT/LD)2
EW (Supplementary Table 4.3, 

Supplementary Figures 4.2a, b). In general, the strongest relationships between wood 

anatomical features and SPEI were observed in spring (May) and summer (June, 

July, and August) and, as expected, earlier responses were observed for EW than for 

LW features (Supplementary Figures 4.2a, b). At the same time, D trees tended to 

respond over longer time scales than L trees for most anatomical features 

(Supplementary Table 4.1, Supplementary Figures 4.2a, b). Concerning the mixed 

models of anatomical features including SPEI as an explanatory variable instead of 

P/PET, the results were qualitatively similar to those of the P/PET models 

(Supplementary Table 4.3). 

 

BAI association with wood anatomical features 

BAI was significantly and positively related to several wood anatomical features 

(Supplementary Table 4.4), and this association was particularly strong with 

NoCellsRW (Figure 4.4). For all the relationships of BAI with the wood anatomical 

features (NoCellsRW, LDRW, CWTRW, KhRW and CcostRW), the estimated marginal means 

were always lower for the D trees than for the L ones (data not shown). Statistically 

significant differences between the L and D trees were found for LDRW, CWTRW and 

KhRW (P<0.1) (Supplementary Table 4.4, Figure 4.4). 
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Figure 4.4 - Relationships between basal area increment (BAI) and wood anatomical 

features (NoCellsRW, LDRW, CWTRW, KhRW and CcostRW). Regression lines represent 

slope estimates from the corresponding linear mixed-effects models and they are 

represented only if significant. Asterisks (*) indicate significant differences between 

slopes of living (L) and dead (D) trees. See Table 4.1 for the meaning of variables’ 

abbreviations. 
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DISCUSSION 

Surviving and now-dead Scots pine trees from Prades and Arcalís showed significant 

differences in their wood anatomical features' responses to drought (Supplementary 

Figure 4.1). Now-dead individuals usually presented smaller tracheids and lower 

tracheid production than living trees, indicating that lower hydraulic capacity and 

reduced investment of carbon into growth and defence characterized these mortality 

processes. Nevertheless, the two study sites seemed to have two different stories, 

since living and dead trees showed a long-term divergent hydraulic performance in 

Prades, whereas this divergence was less accentuated and more recent in Arcalís. 

 

High growth variability has been associated to increased mortality risks (e.g., Ogle et 

al. 2000). Our results show that lower and more variable growth in now-dead 

compared to surviving individuals at the studied sites (Hereş et al. 2012) is associated 

to a higher variability in wood anatomical traits in now dead trees. This is consistent 

with Levanič et al. (2011), who also found a greater variability for the anatomical 

features of dying pedunculate oak trees in comparison with surviving individuals of 

the same species. Nevertheless, and in contrast to our findings, dying pedunculate 

oak trees presented higher hydraulic diameter and hydraulic conductivity of vessels 

than the surviving ones until the last 5 years prior to mortality, at which point the two 

groups of trees converged into similar values. 

 

The response of the now-dead and surviving Scots pines from Prades and Arcalís to 

SPEI also marked interesting differences between the two groups of trees. The fact 

that now-dead trees tended to respond to drought (as measured by the SPEI index) 

over longer time scales than surviving individuals is consistent with a general 

physiological slowdown previous to death. This suggests a carryover effect on growth 

and hydraulic performance which constrains the responses of trees prone to die. The 

mechanisms underlying this pattern are not clear, but it is likely that the long-distance 

transport systems of the plant are involved (Anderegg et al. 2012) and could implicate 

drought ‘legacy’ effects on the plant hydraulic system as recently reported for sudden 

aspen decline (Anderegg et al. 2013b). 
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In agreement with the previous considerations, our results show lower hydraulic 

conductance in the stem xylem of now-dead trees, reflecting a lower water transport 

capacity over the whole period studied, particularly at the most xeric Prades site. This 

lower hydraulic capacity at the growth ring level does not necessarily translate into 

lower capacity to supply leaves with water, as concurrent changes in sapwood and 

leaf area need to be taken into account. However, the reduction in KhEW in Prades 

was even greater than the average defoliation levels currently observed in trees that 

are suffering drought-induced mortality at this site (Poyatos et al. 2013). This appears 

not to be compensated by an increase in functional sapwood (R Poyatos, 

unpublished), and implies a reduction in the capacity to support canopy water 

demands. 

 

We did not observe any difference between now-dead and surviving pines in terms of 

vulnerability to xylem embolism in the stem (estimated from the ratio between cell-

wall thickness and radial lumen diameter, Hacke et al. 2001). This was due to the fact 

than in Prades tracheid lumens and cell-wall thickness co-varied, and both variables 

presented lower values in now-dead individuals than in living trees (Figure 4.1). This 

result is consistent with previous reports showing limited plasticity of the vulnerability 

to embolism in Scots pine (Martínez-Vilalta and Piñol 2002; Martínez-Vilalta et al. 

2009) and with our own measurements at the Prades site showing no difference in 

vulnerability to xylem embolism (in stems) between healthy and heavily defoliated 

pines (Poyatos et al. 2013; M Gómez, unpublished data). 

 

Reduced hydraulic conductance is linked to the formation of narrow rings in now-dead 

trees. But, at the same time, declining growth is also considered to be an indicator of 

low carbon availability. Under drought, whole-tree carbon assimilation tends to be 

impaired due to defoliation and stomatal closure (McDowell et al. 2008; Galiano et al. 

2011). In addition, trees subjected to drought may allocate assimilates preferentially 

to other organs (e.g. buds, needles, roots) than to wood formation (Waring 1987; 

Eilmann et al. 2009). In our case, the low carbon investment (Ccost and RDRW) was 

especially evident for the now-dead individuals from Prades. The lower production of 

resin ducts in now-dead trees is consistent with previous results (Kane and Kolb 

2010; Gaylord et al. 2013), although in our case insect attacks do not seem to be 
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involved in the mortality process (authors’ personal observation). Depleted 

carbohydrate reserves have been reported in dying trees at both study sites (Galiano 

et al. 2011; Poyatos et al. 2013), suggesting that lower growth and resin duct 

production in dying trees might be associated to nearly exhausted (or unavailable) 

carbon reserves (Galiano et al. 2011; Sala et al. 2012; Poyatos et al. 2013). 

 

Overall, the growth reductions previously observed for the now-dead trees (Hereş et 

al. 2012) were more related to lower tracheid production than to a reduction in 

tracheid size (see also Camarero et al. 1998; Martin Benito et al. 2013), minimizing 

the impact of reduced growth on hydraulic conductivity without increasing the carbon 

investment. However, the positive relationship between BAI and lumen diameter 

found for both now-dead and surviving individuals indicates that Scots pines from 

Prades and Arcalís reduce radial growth also at the expense of reductions in conduit 

size and proportionally higher decreases in KhRW. It is also worth noting that the 

relationship between BAI and cell-wall thickness was tighter than the relationship 

between BAI and lumen size. This result suggests that overall carbon availability may 

be constraining the thickness of tracheid cell walls in the studied trees. 

 

To conclude, differences in wood-anatomical features between surviving and now-

dead individuals are much more apparent at one of the sites (Prades) than the other 

(Arcalís). This pattern is consistent with the different forest decline dynamics 

observed at the two sites. At Prades, there is a long-term decline process, with 

declining trees starting to grow less on average 40 years before the time of death, 

and mortality episodes have been observed periodically since the early 1990s 

(Martínez-Vilalta and Piñol 2002; Hereş et al. 2012). At Arcalís, instead, tree mortality 

peaked more recently and growth declines started around 15 years before the time of 

death (Galiano et al. 2010; Hereş et al. 2012). Carbohydrate depletion in Prades 

appears to be connected with long-term lowered hydraulic capacity at the tree level 

(Poyatos et al. 2013, this study), whereas the pattern is not so clear in Arcalís, and 

the mechanism by which some trees become defoliated, deplete their carbohydrates 

and later die at this site (Galiano et al. 2011) remains to be explored. 
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Supplementary Table 4.1 - SPEI (standardized precipitation evapotranspiration index) 

time scale (in number of months) and month showing the highest correlations between 

SPEI and the studied wood anatomical features. See Table 4.1 for the meaning of 

variables’ abbreviations 

 

 
Supplementary Table 4.2 - Results of Poisson generalized mixed models (estimate 

± SE) with RDRW as a function of Condition (living, L; dead, D), Site (Prades, Arcalís) 

and ring width. Significant relationships at 0.1, 0.05, 0.01 and 0.001 probability levels 

are marked with +, *, ** and ***, respectively 
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Supplementary Table 4.3 - Results of linear mixed-effects models (estimate ± SE) 

with anatomical variables varying as a function of Condition (living, L; dead, D), Site 

(Prades, Arcalís), Ca (CO2 atmospheric concentration) and SPEI (standardized 

precipitation evapotranspiration index). Significant relationships at 0.1, 0.05, 0.01 and 

0.001 probability levels are marked with +, *, ** and ***, respectively 
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Supplementary Table 4.4 - Results of linear mixed-effects models (estimate ± SE) with BAI 

as a function of Condition (living, L; dead, D), Site (Prades, Arcalís) and wood anatomical 

features (NoCellsRW, LDRW, CWTRW, KhRW and CcostRW). Each model uses a different wood 

anatomical feature, as indicated in the corresponding column heather. Significant relationships 

at 0.1, 0.05, 0.01 and 0.001 probability levels are marked with +, *, ** and ***, respectively 
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Supplementary Figure 4.1 - Temporal trends (period 1975-2008) of annual climatic 

variables: mean temperature (T, °C), total precipitation (P, mm) and the ratio between 

precipitation P and evapotranspiration PET (P/PET) in Prades and Arcalís. 

Regression lines are represented only if significant. 
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Supplementary Figure 4.2a - Correlations obtained between wood anatomical 

features and SPEI (standardized precipitation evapotranspiration index) for different 

months and time scales considering living (L) and dead (D) trees from Prades site. 

See Table 4.1 for the meaning of variables’ abbreviations. 
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Supplementary Figure 4.2b - Correlations obtained between wood anatomical 

features and SPEI (standardized precipitation evapotranspiration index) for different 

months and time scales considering living (L) and dead (D) trees from Arcalís site. 

See Table 4.1 for the meaning of variables’ abbreviations. 
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1. WHAT IS DACIA? 

DACiA (Dendrochronological Analysis on Conifer Wood Anatomy) is a free, Matlab 

based, image processing and analysis software to measure wood anatomical features 

of conifer species. DACiA, available from the authors upon request, runs as a 

standing alone application. The software is currently available for Windows XP and 7 

versions, with the possibility to develop versions for other operating systems. The 

wood anatomical features that DACiA measures are: number of tracheids, cross-

sectional lumen diameter (LD), cell wall thickness (CWT), total tracheid diameter (TD) 

and total lumen area (LA). The values are returned directly in their units of 

measurement, so no further transformations are necessary. DACiA gives the 

possibility of measuring wood anatomical features at the whole ring level (RW) or 

separately for the earlywood (EW) and latewood (LW) segments. 

 

2. A BRIEF REVIEW OF WOOD ANATOMY MEASUREMENTS 

Wood anatomy analyses are a powerful tool for investigating tree responses to past 

environmental events having the advantage of a higher temporal resolution than tree 

rings (Fritts 2001; Vaganov 2006). The idea of using wood anatomy analyses with this 

purpose goes back to the years 1960s and 1970s (Knigge and Schulz 1961; Eckstein 

et al. 1974), when this type of measurements were done visually on wood sections 

mounted on microscope slides. It has been only during the last two decades that the 

use and reliability of wood anatomy analyses has increased thanks to the 

technological improvements in the field of the digital image analyses (Fonti et al. 

2010). Nowadays, cells can be measured directly from the wood surface (if big 

enough), or through image captures of fine cut wood sections (Fonti et al. 2010 and 

references therein). Continuous development and progress of laboratory equipment 

for cutting wood sections (microtones), capturing high resolution images (scanners, 

digital cameras) and sophisticated software to analyze wood sections has resulted in 

faster and higher quality measurements. As a result, it is currently possible to 

measure very detailed wood anatomical structures and achieve unprecedented 

sample sizes (Fonti et al. 2010 and references therein). 
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3. AVAILABLE SOFTWARE FOR WOOD ANATOMY ANALYSIS 

Several software packages have been used to conduct wood anatomy analyses, including 

WinCELL, ROXAS and ImageJ, which are briefly described in the following paragraphs. 

 

WinCELL (Régent Instruments Inc Quebec Canada 2013) is a commercially available image 

analysis system specifically designed for wood cells analysis, which can quantify the 

changes in wood structure over annual rings. WinCELL measures wood cell morphology on 

thin wood slices cut with a microtome or, for larger cells like earlywood vessels of deciduous 

species, directly on wood surfaces. Wood cells morphological data can be measured per 

annual ring in one or more images per ring with the aid of XLCell (Régent Instruments Inc 

Quebec Canada 2013), a companion program for data post-processing and visualization 

(see http://www.regentinstruments.com/assets/wincell_about.html for additional information). 

It is one of the most widely used software in dendroecology and example applications 

include the study of drought-induced adaptation as reflected in the xylem anatomy of Scots 

pine and pubescent oak (Eilmann et al. 2009) or the study of cellular phenology during 

annual ring formation of Abies balsamea (L.) Mill. (Deslauriers et al. 2003). 

 

ROXAS (von Arx and Dietz 2005) is a tool for the quantitative analysis of xylem 

anatomy in cross-sections and cores of trees (angiosperms and conifers), shrubs 

and herbaceous plants. ROXAS allows building chronologies of vessel size in a fast 

and efficient manner and is able to handle a wide range of suboptimal images 

(http://www.wsl.ch/dienstleistungen/produkte/software/roxas/index_EN). ROXAS 

has been used to study annual root rings in perennial forbs (von Arx 2006), to build 

ring-porous earlywood vessel chronologies (Fonti et al. 2009) and to study the long-

term functional plasticity in xylem hydraulic characteristics (von Arx et al. 2012). 

ROXAS was designed originally for analyzing angiosperm wood, but it has recently 

been upgraded to handle also conifer wood (von Arx and Carrer in review), although 

this new version is still not freely available. In addition, ROXAS itself is freely 

available in the web above, but it requires Image-Pro Plus (Media Cybernetics) v6.1-

7, which is a commercially available, general purpose image analysis software. 
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ImageJ (Ferreira and Rasband 2010, 2012, http://rsbweb.nih.gov/ij/) is a public 

domain, Java-based image processing program developed at the National Institutes 

of Health (USA). It is nowadays probably among the most widely used image 

processing and analysis software to extract quantitative anatomical measurements of 

wood (e.g., DeSoto et al. 2011; Martín Benito et al. 2013; Gaylord et al. 2013). 

Nevertheless, this software has not been developed specifically for this purpose, and 

thus suffers from important limitations and shortcomings. It is in many ways the 

software most comparable to the one we have developed and, hence, we will 

describe it with more detail. Some of its features will be illustrated with the same 

Scots pine (Pinus sylvestris L.) samples used in the analyses conducted for this 

thesis and also the same ones used to illustrate the functioning of the newly 

developed DACiA software in the next sections. 

 
Similar to other pieces of software, ImageJ allows quantifying changes in gray levels 

along a line (e.g., horizontal, segmented) that crosses a row of tracheids within a tree 

ring (Figure 5.1). Tracheids are identified along the marked line by thresholding the 

image gray profile extracted from the line considering the changes in gray levels of 

lumen and walls. Since the software does not allow marking several lines in parallel, 

rows of tracheids must be individually marked, processed and analyzed. This can be 

a time consuming process if there are many images to analyze. 

 
Figure 5.1 – Example of ImageJ processing of a conifer tree ring: segmented line crossing 

a row of tracheids within a tree ring. The sample corresponds to Scots pine wood. 
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In ImageJ, the gray threshold value that discriminates between the tracheid lumen and 

walls is constant along the marked line, and must be visually established by the user 

based on the gray profile (Figure 5.2). As illustrated in Figure 5.2 (red line), a constant 

thresholding value for a given marked line and/or image can be problematic due to 

variations in section width or illumination conditions across the image, which can 

introduce variable gray colour patterns along the marked lines. In order to apply a 

common threshold for all cells, ImageJ requires the contrast and brightness along the 

line to be manually adjusted. This is a tedious task that may also introduce errors in final 

tracheid measurements. Further on, processing does not allow for corrections to be 

made on the identification and delimitation between individual tracheid lumens and their 

corresponding cell walls. Finally, ImageJ only exports the image intensity profile together 

with the positions of tracheids. These data have to be further processed to extract the 

final measures of tracheids’ dimensions using other software, such as the R (The R 

Foundation for Statistical Computing) package “tgram” (DeSoto et al. 2011) or EXCEL. 

 

Figure 5.2 – Image processing and thresholding with ImageJ. The straight red line 

indicates the constant along the line thresholding gray value that must be established 

by the user. The curved blue line marks approximately the shape and the variable 

grey scale values that should have been followed in order to correctly identify all 

tracheids in the row. The graph corresponds to the same line marked in Figure 5.1 on 

a Scots pine wood sample. 

 

Lost  tracheid 
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4. A NEW SOFTWARE FOR WOOD ANATOMY ANALYSIS: DACIA 

The fact that none of the available software fulfilled the requirements for our wood 

anatomy analyses lead us to develop a new piece of software. DACiA software has 

been specifically created to measure wood anatomical features on conifer species. 

Thus, it solves or improves several of the above mentioned shortcomings. It is freely 

available and does not require any pre-installed image analysis software to run. 

Compared to ImageJ the main improvements are: 

a. An automatic contrast adjustment of the processed image together with an 

automatic identification of the main ring structures: tracheids’ lumens and walls. 

Any trend in gray value along the marked line is automatically corrected and 

centred at zero, so that this zero value becomes the threshold for all analyzed 

images regardless of the tree species or specimen characteristics. This 

adjustment is done automatically and corrects for the effects of different image 

acquisition conditions or section widths across the image. 

b. The possibility to mark several polygonal lines (e.g., as many as the user needs) 

on the same ring, providing, at the same time, a high capacity of manipulation 

and correction of the marked lines by using intermediate points. 

c. An interactive graphic interface that allows correcting pixel by pixel the 

processed tracheids marked along the tree ring. Thus, the user has complete 

control on the limits that define tracheids’ lumens and walls. 

d. Final wood anatomical measures are retrieved at different scales (pixel, 

tracheids, lines, and tree rings) and exported directly into their units of 

measurements based on the magnification of the processed images, so no 

further processing with other software is necessary. 

 

4a. Automatic contrast adjustment and tracheid segmentation 

The image intensity profile is approximately periodic, as tracheids repeat along the 

line. In an ideal situation, this tracheid repetition would produce a perfect wavy pattern 

with no trend along the line. However, variations in the wood structure, the quality of 

the samples and/or acquisition conditions may distort the pattern and introduce 

secondary non-stationary signals along the tree ring (Figure 5.3, left panel). Such 



Chapter 5 

106  

 

secondary signal introduces errors in a segmentation based on a constant threshold 

and should be corrected. 

 

In order to remove the secondary non-stationary signals, DACiA applies Fourier 

analysis to decouple the image intensity profile into high and low frequency 

components. High frequencies are associated to the tracheid profile, while low ones 

correspond to variations in acquisition conditions and section quality. The low 

frequency range was adjusted over a representative set of images and rings and was 

set to ensure that the high frequency signal always contained the sinusoidal wavy 

profile associated to the tracheid-wall transitions. An example result of Fourier 

decoupling is shown in Figure 5.3 (right panel). After removal of the non-stationary 

signal, the profile of the tracheid-wall transitions is a stationary wave centered at zero 

(Figure 5.3, right panel). Therefore, tracheids are segmented by using a constant zero 

threshold. 

 

Figure 5.3 - Adjustments along the tree ring: original (left panel) and corrected 

profiles (right panel). The sample corresponds to Scots pine wood. 

 

 
4b. Multiple tracing of several polygonal lines for each ring 

The software allows tracing several polygonal lines for each ring for its joint 

processing. This allows the extraction of measurements on several rows of tracheids 

marked across the ring for further statistical analysis. Each polygonal line is defined 

by a finite number of points, (Xi,Yi), i=1,...,N, that are interactively selected by the 

user. Points should be placed from EW to LW. Each segment of the polygonal line is 

given by the formula: 
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for t a sampling of the interval [0,1]. The image gray intensity is interpolated along 

these points and this constitutes the input for the contrast adjustment and tracheid 

segmentation. Details about the interactive tracing of multiple lines are given in 

Section 5. 

 

4c. Interactive interface allowing fine corrections 

The automatic contrast and threshold adjustment described above are improvements 

over ImageJ. Nevertheless, they do not provide a perfect identification of all the 

tracheids marked within the tree ring. In order to ensure that the limits between 

tracheid lumens and walls are perfectly delimited, DACiA allows a fine correction 

process. This is done manually through an interactive graphical interface that 

illustrates the lumen diameter of the automatically identified tracheids within a line 

(Figure 5.8, but see Section 5 for a detailed explanation). Possible errors are easily 

visualized and marked directly by clicking on the graph. A sequence of very detailed 

(zoomed in) images of the marked tracheids are returned by the software, and the 

user is able to add or delete individual pixels, having perfect control on the limits 

between the tracheid lumens and walls (Figure 5.9a, b, but see Section 5 for a 

detailed explanation). 

 

4d. Exporting final wood anatomical measurements 

The results are stored at three levels of aggregation: (1) individual pixels with their 

corresponding (corrected) grey level profile and the positions of tracheids (x and y 

coordinates); also, it is indicated if the grey level corresponds to a tracheid lumen 

(code numbers ≥1 that also indicate the number of the tracheid within each marked 

row of tracheids) or wall (code 0); (2) measurements on individual tracheids, including 

number of tracheids per line, lumen diameter (LD), half tracheid wall thickness (CWT-

1, half of the wall shared with the previous tracheid; and CWT+1, half of the wall 

shared with the following tracheid) of the contact between the target tracheid and the 

neighbouring ones, total tracheid wall thickness (CWT) calculated from the half cell 
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wall thickness values, total tracheid diameter (TD) and its lumen area (LA); also a last 

column indicates for each tracheid if it belongs to the EW (0 code) or LW (1 code); 

and (3) measures aggregated at the tree-ring level (averages and standard deviations 

of LD, CWT, TD and LA); these values are given for the whole tree ring (-1 code) and 

separately for EW (0 code) and LW (1 code) if the user separates the tree ring into 

these two segments. All these values are directly exported in their units of 

measurement. Two export format files are available: Excel© and plain text. 

 

5. HOW DOES DACIA WORK? A BRIEF USER MANUAL 

DACiA is easy and intuitive. It has a simple Menu - File (Figure 5.4) through which 

images can be loaded. In order to avoid overcharging the computers’ memory, 

temporary files can be periodically deleted, but only after the corresponding 

measurements have been exported and saved, otherwise the information is lost. The 

Menu also includes a Help button where information about the software and how to 

use it is provided in a step by step fashion. “Zoom in”, “Zoom out” and “Pan” buttons 

that will be needed to manipulate and process the images are also available (Figure 

5.4). 

 

Figure 5.4 – Menu presentation. 

 

 

DACiA is able to read and work with images of different size and format (TIFF, JPG, 

GIF, BMP). Each image must be analyzed individually. Once the image is loaded, a 

window appears asking for basic information about the image: “Image Identifier, “Tree 

Identifier” and “Resolution (microns per pixel)” (Figure 5.5). This information will be 

used by the software to distinguish between measurements and to name and 

organize the output files. 
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Figure 5.5 – Image loading and identification. The sample corresponds to Scots pine 

wood. 

 

Analysis of the wood anatomical features at the tree ring level are further on 

conducted through a series of four buttons available on the right-hand side of the 

window (“New Ring”, “Correct”, “Late Wood”, “Export”) that become active as the 

process advances (Figure 5.6). 

 

Figure 5.6 – Image showing an annual ring to be analyzed. The sample corresponds 

to Scots pine wood. 
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The images to be analyzed can contain one or several tree rings. To start the analysis 

of a ring, the user must click on the “New Ring” button, and the software will ask for 

the identification of that particular annual ring (for example, the corresponding 

calendar year) and the number of lines to be analysed per ring (Figure 5.6). Further 

on, the different lines can be marked using a segmented flexible (polygonal) line that 

will allow the user to pass exactly through the middle of the tracheids in a row and to 

follow the exact shape of the tracheids’ row along the tree ring. The user has a 

complete control guiding the line while marking the rows of tracheids and so no 

tracheid is missed if the row does not describe a perfect straight line. A double-click 

indicates the end of the line. At this point, the user can use the intermediate points (by 

simply clicking and dragging them) of the polygonal line to correct its track, if 

necessary. Another double-click on the end point of the marked line allows the user to 

continue and mark the next line. A short message will appear on the screen giving the 

number of the line that will be marked next. Rows of tracheids must always be 

marked from EW to LW (Figure 5.7). By marking the rows of tracheids, the software 

automatically identifies and establishes the limits between tracheid lumens and walls, 

and measures the anatomical features mentioned before (LD, CWT, TD and LA). 

 

Figure 5.7 – An example with three rows of tracheids marked from earlywood (EW) to 

latewood (LW) using the segmented flexible line along a conifer tree ring. The sample 

corresponds to Scots pine wood. 

 

 

In order to ensure the accuracy of the tracheid identification and of the 

measurements, a pixel by pixel correction process, accessible through the “Correct” 

button, is further on available. The marked lines of tracheids will be opened one by 

Direction of marking the rows of tracheids: from EW to LW 
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one, following the order on which they have been marked. Once opened, interactive 

graphs are produced for each line (Figure 5.8). These graphs illustrate the lumen 

diameters of the identified tracheids (vertical black lines ended with a pink circle), the 

user being now able to visualize if there are errors based on, for example, 

inconsistent lumen diameter changes among neighbouring cells (Figure 5.8). The 

identified tracheids with possible errors can be marked by simply clicking the 

corresponding pink circle, which will be marked with an “X” once all the tracheids to 

correct have been marked along the line. Instructions on how to mark the tracheids 

and finish the marking process of one particular line (by pressing the “Enter” button 

on the keyboard) appear also on the screen, in the upper part of the interactive graph 

(Figure 5.8). 

 

Figure 5.8 – Interactive graph and selection of the tracheids with possible 

measurement errors. Instructions are given on the upper part of the interactive graph. 

The sample corresponds to Scots pine wood. 

 

 

Further on, an additional window opens showing a zoom into the previously marked 

tracheids with possible errors, one by one. The user can now easily add or delete 

individual pixels, perfectly establishing the limits between tracheid lumens and walls 

(Figure 5.9a, b). Instructions on how to do this appear in the upper part of the window. 

The “a” and “d” letters from the keyboard will be used to add and delete pixels, 
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respectively, to a tracheid. In order to pass to the next marked tracheid the “Esc” 

button on the keyboard must be pressed. Once all the marked tracheids on a line 

have been corrected the same “Esc” button allows moving forward to the next line of 

tracheids marked on the tree ring. 

 

Figure 5.9 – Zoom in of one of the selected tracheids containing a possible error of 

lumen identification (a) and correction of the error by adding the missing pixels (b). 

Note that the portions of the lines with red symbols indicate tracheid lumens, while the 

ones with blue symbols indicate tracheid walls. The sample corresponds to Scots 

pine wood. 

  

 

Once corrections for all marked lines of tracheids are finished, the user can separate 

the rows of tracheids into EW and LW by clicking on the “Late Wood” button. This 

step can be skipped if the user is not interested in having separate measurements for 

EW and LW. The LW marking must be done manually by the user, based on the 

abrupt shifts in colour and tracheid size (Figure 5.10). This visual identification of LW 

was preferred over the Mork index (Denne 1988), as this latter one, tested on an 

initial version of the DACiA software, proved to largely overestimate LW in our case 

(tests made for Scots pine wood). In order to separate the EW from the LW, the first 

LW tracheid must be carefully identified by the user and marked by clicking on it. 

Since the rows of tracheids have been marked from EW to LW, the first LW tracheid 

corresponds to the one next to the last EW tracheid on the row (see Figure 5.10). 

Once the first LW tracheid is marked, the software automatically marks (black lumen, 

Figure 5.10) the rest of the tracheids (until the end of the row of tracheids) as being 

Tracheid lumen erroneously marked Corrected error 
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LW. The EW cells are further on left in red. The advantage of the visual identification 

of the limit between EW and LW is represented by the fact that it avoids errors 

caused by the appearance of the latewood-like tracheids (small size EW tracheids) in 

EW and vice versa, which might appear if LW identification is based on Mork index 

(i.e., cell lumen is smaller than twice the cell wall, Denne 1988). 

 

Figure 5.10 – Latewood (black lumens) and earlywood (red lumens) separation of the 

tracheids in an annual tree ring. The sample corresponds to Scots pine wood. 

 

 
At the end of the process, the software exports and saves the measurements by 

clicking on the “Export” button. A total of three files (Excel© or plain text formats) are 

exported: “RawData”, “RawMeasures” and “FinalMeasures”. Measurements are given 

at the whole ring level (RW) and separately for EW and LW, if LW has been 

distinguished. A detailed description of the export files, including the names of the 

columns within the files, is given below. 

 

“RawData” file: 

1. Image name 

2. Line number 

3. x line coordinate 

4. y line coordinate 

5. Cell index 

First LW tracheid 
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6. Greyscale 

7. Lumen (tracheid no; code numbers ≥1) or wall (0) 

 

“RawMeasures” file: 

1. Image name 

2. Line number 

3. Tracheid number (within each line) 

4. LD (µm) 

5. CWT-1 (half of the one shared with the previous tracheid, µm) 

6. CWT+1 (half of the one shared with the following tracheid, µm) 

7. CWT (total CWT, µm) 

8. TD (µm) 

9. Area (LA, µm2) 

10. LW (1) (indicates if the tracheids belong to the EW (0 codes) or LW (1 

code). 

 

“FinalMeasures” file: 

1. Image name 

2. Ring identifier 

3. Ring segment (LW, EW, RW) 

4. AvLD (the average LD values of all tracheids within a tree ring or 

segment, µm) 

5. StdLD (the standard deviation for the LD values of all tracheids 

within a tree ring or segment, µm) 

6. AvCWT (the average CWT values of all tracheids within a tree ring 

or segment, µm) 

7. StdCWT (the standard deviation for the CWT values of all tracheids 

within a tree ring or segment, µm) 

8. AvTD (the average TD values of all tracheids within a tree ring or 

segment, µm) 

9. StdTD (the standard deviation for the TD values of all tracheids 

within a tree ring or segment, µm) 
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10. AvArea (the average LA values of all tracheids within a tree ring or 

segment, µm2) 

11. StdArea (the standard deviation for the LA values of all tracheids 

within a tree ring or segment, µm2) 
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This thesis documents several Scots pine mortality episodes following severe drought 

events at two sites located in the NE of the Iberian Peninsula, where this species 

approaches its south-western (and dry) distribution limit. The results presented here 

contribute to the active debate on the mechanisms that underlie drought-induced tree 

mortality, by retrospectively analyzing and comparing different tree-ring patterns 

between co-occurring now-dead and living Scots pines. More specifically the 

contributions of this thesis can be discussed following Diagram 1.1 presented in 

Chapter 1 (General Introduction), and slightly modified here (Diagram 2.1). 

 

Diagram 2.1 – Structure of the General Discussion, based on the initial hypotheses 

presented in the General Introduction (Chapter 1). Each red arrow corresponds to a 

direct association as implied by our results and to a different section of the 

Discussion. 
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I. SEVERE DROUGHT IS ASSOCIATED WITH SCOTS PINE MORTALITY 

Scots pine mortality in Prades and Arcalís was directly associated with severe 

drought events characterized by low summer water availability. Dendrochronological 

studies comparing living trees with coexisting now-dead individuals are relatively rare 

and this study is among the few ones showing a direct association between severe 

drought and mortality. Our results here confirm observational accounts indicating that 

Scots pine has started to register important mortality rates at the two study sites since 

the 1990s and 2000s, especially following drought events (Martínez-Vilalta and Piñol 

2002; Galiano et al. 2010). Although drought-induced tree mortality is a widespread 

phenomenon documented all over the world (for a review see Allan et al. 2010), the 

direct link between periods of low water availability and tree death is still poorly 

documented (but see Villalba and Veblen 1998; Guarín and Taylor 2005; Bigler et al. 

2007). One explanation for this is the fact that this type of temporal associations 

requires long-term studies, which are necessarily scarce, or retrospective 

approaches, like the one used here. 

 
In addition, causality between drought and mortality might be difficult to establish 

because drought-induced tree death may not occur immediately, but years after the 

drought event, as documented here (Chapter 2). During this lagged period other 

factors may interfere (Bréda et al. 2006), blurring the link between drought and 

mortality. Scots pine mortality in Prades and Arcalís had an episodic character, 

faithfully coinciding or following severe drought events. In our case, the effect of 

additional factors such as insect attack can be discarded, as insect outbreaks were 

rare and never occurred before mortality was observed. On the other hand, however, 

fungal pathogens might have had a role in the studied mortality process, at least in 

Prades, where a root pathogen (Onnia cf. tomentosa) has been recently identified (J 

Oliva, com. pers.). 

 

II. NOW-DEAD SCOTS PINES SHOWED DISTINCTIVE PHYSIOLOGICAL AND 

GROWTH PATTERNS COMPARED WITH SURVIVING INDIVIDUALS 

Overall, the results of this thesis show that now-dead Scots pines from Prades and 

Arcalís had different growth, WUEi and wood anatomical features than their surviving 
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neighbours. These findings can be used as tools to identify vulnerable trees that are 

more prone to suffer from stressful conditions and eventually die in the future. 

 

a. Now-dead trees showed limited increase of intrinsic water-use efficiency 

(WUEi) in response to rising atmospheric CO2 

Now-dead and living Scots pine trees from Prades and Arcalís registered a significant 

increase of their WUEi over the studied period. However, for now-dead individuals this 

increase was significantly lower than for surviving trees. At the same time, no positive 

effect of the rising atmospheric CO2 concentrations was found on the trees’ growth 

rates, as illustrated by the negative relationship between WUEi and growth (BAI). The 

constant Ci/Ca scenario to which the WUEi increase of the now-dead trees was 

closer, involves a proportional regulation of the stomatal conductance and 

photosynthesis (Wong et al. 1979; Saurer et al. 2004). Under drought conditions, 

isohydric species like Scots pine reduce their stomatal conductance by closing 

stomata in order to avoid water loss and cavitation (Irvine et al. 1998; Poyatos et al. 

2013), and this affects both carbon uptake and photosynthesis (Bréda et al. 2006; 

McDowell et al. 2010). WUEi usually increases under conditions of stomatal limitation 

of photosynthesis due to low intercellular CO2 concentrations (Saurer et al. 2004). 

Nevertheless, in trees weakened over a long time period by stressful climatic 

conditions (e.g. drought), this WUEi increase seems to be finally limited despite rising 

CO2 concentrations. This decoupling is not well understood, but points towards a 

threshold in the capacity of trees to cope with stressful drought conditions (Linares 

and Camarero 2012 and references therein). 

 

b. Now-dead trees had lower hydraulic capacity before death 

Now-dead Scots pines from Prades and Arcalís were also characterized by reduced 

hydraulic conductance of their xylem, compared to their surviving neighbours. This 

reduced hydraulic capacity was related, in part, with the low lumen diameter of their 

tracheids, as hydraulic conductance is proportional to the fourth power of conduit 

diameter (Tyree and Zimmermann 2002). Cell size largely depends on climatic 

conditions and a reduced lumen diameter is frequently an indicator of water scarcity 

at the time of tracheid enlargement (Vaganov 1990). In parallel with the lumen 

reduction, the production of tracheids per tree-ring was also low in now-dead Scots 
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pines, determining narrow annual rings. Pines in general, and Scots pine in particular, 

try to compensate the formation of narrow rings by transporting water through several 

adjacent tree-rings (Eilmann et al. 2009). In our case, however, measurements 

comparing healthy and defoliated Scots pines at the same Prades site studied here 

show that sapwood depth was similar between crown defoliation classes (Poyatos et 

al. 2003). Similarly, the vulnerability to xylem embolism in the stem, estimated from 

the ratio between cell-wall thickness and radial lumen diameter (Hacke et al. 2001), 

was similar between surviving and now-dead trees, in agreement with our own 

measurements at the Prades site (Poyatos et al. 2013; M Gómez, unpublished data). 

 

Now-dead individuals showed low growth rates over many years before their death, 

indicating that the hydraulic conductance of their xylem had been long-time severely 

diminished. The formation of a low number of tracheids is consistent with the carbon 

balance dysfunction perspective (Bréda et al. 2006). Low assimilation rates and 

reduced leaf area have been shown to occur in Scots pine in the time period prior to 

death (Galiano et al. 2011; Poyatos et al. 2013). This low carbon uptake could result 

in reduced internal carbon pools, which could explain both the reduction in stored 

carbohydrates and the decline in radial growth in dying trees (Galiano et al. 2011; 

Poyatos et al. 2013). In addition, carbon pools may become unavailable under 

extreme drought (Sala et al. 2012) or might be preferentially allocated to tissues other 

than xylem (Waring 1987). 

 

c. Now-dead trees showed lower investment of carbon in growth and defence 

The hypothesis that now-dead Scots pines from Prades and Arcalís were carbon 

limited, probably due to constraining drought effects on carbon assimilation (Bréda et 

al. 2006), is sustained by their low carbon investment, as reflected in the low tracheid 

and resin duct production, with consequences on the hydraulic performance and 

defence, respectively. Mainly as a result of a low tracheid production per annual 

growth ring, now-dead individuals showed a reduced radial growth (e.g. BAI) before 

dying. More precisely, now-dead Scots pines from Prades and Arcalís started to grow 

less than their surviving neighbours 40 to 15 years before their death, respectively, 

suggesting a slow process of growth decline preceding mortality. Reduced growth 

rates are a frequent response to drought events (Bréda et al. 2006) and a common 
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characteristic of dying trees (Pedersen 1998; Bigler et al. 2006). The impact of 

droughts on carbon uptake probably increases the dependency on stored carbon 

reserves for processes such as growth or defence. In any case, lower investment in 

growth, particularly when it involves a reduction in leaf area and hydraulic capacity, 

has carry over effects on the carbon economy of trees, which could explain the long-

term decline processes characterized in this thesis (Chapters 2-4). The presence of 

long–term decline processes and time lags between drought and tree death has been 

documented in previous studies (e.g. Guarín and Taylor 2005; Bigler et al. 2006, 

2007). Similarly, the low number of resin ducts in now-dead trees observed in this 

thesis is consistent with published results (Kane and Kolb 2010; Gaylord et al. 2013). 

Although in our case there was no evidence of insect attack, the reduced defence 

found for these trees must be included as an additional factor of vulnerability that 

might be involved in the mortality processes. 

 

III. MECHANISMS OF DROUGHT-INDUCED MORTALITY LIKELY DIFFER BETWEEN SITES 

Overall, the results of this thesis show that the physiological and growth patterns 

considered here differed between now-dead and surviving Scots pines. Nevertheless, 

it must be stressed out that the two sites we studied showed two different stories: 

living and dead trees had a long-term divergent growth and hydraulic performance in 

Prades, whereas this divergence was less accentuated and more recent in Arcalís. 

Altogether, now-dead Scots pines showed both carbon- and hydraulic-related 

limitations, bringing support to the idea that tree mortality is determined by a complex 

set of interrelated changes in the carbon and water economy of plants (McDowell 

2011; McDowell et al. 2011; Sevanto et al. 2013). The fact that the timing and 

characteristics of the decline process differed substantially between the two sites 

studied in this thesis indicates that the detailed physiological mechanism of drought-

induced mortality might differ even among populations of the same species. 

 

IV. IMPLICATIONS FOR SOUTHERN SCOTS PINE POPULATIONS UNDER CLIMATE 

CHANGE 

Climatic models predict that climate in the Mediterranean region will get warmer and 

drier (Giorgi 2006; IPCC 2007). Since the Iberian Scots pine populations are at their 
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south-western (and dry) limits of distribution, episodes of drought-induced mortality 

are likely to become more frequent and widespread in the future. This thesis and 

other studies suggest that Scots pine may have serious difficulties in coping with 

ongoing climate change in southern populations (Reich and Oleksyn 2008; Matίas 

and Jump 2012), leading to a reduction in its range (Benito Garzón et al. 2008, 2011). 

Although stand factors have a key role in modulating Scots pine mortality at regional 

scales (Vilà-Cabrera et al. 2011), the overall scenario is worsened by the fact that 

Scots pine regeneration is low (Castro et al. 2004; Mendoza et al. 2009; Galiano et al. 

2010), especially in areas where it registers higher mortality (Vilà-Cabrera et al. 

2011). In addition, the regeneration of trees from the Quercus genus seems to be 

favoured in many areas currently dominated by Scots pine (e.g. Galiano et al. 2010, 

2013), which could lead to a progressive replacement of some Scots pine forests by 

Quercus sp. woodlands, as already observed in some areas (Galiano et al. 2010; 

Poyatos et al. 2013).  Although it is clear that this process is driven mostly by 

historical changes in forest management and stand structure (e.g. Vayreda et al. 

2012b), it also seems clear that increased drought has the potential to accelerate the 

process and that important ecosystem functions will be affected. 
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V. CONCLUSIONS 

i. Scots pine mortality in Prades and Arcalís was directly associated with severe 

drought events characterized by low summer water availability. 

 

ii. Radial growth, intrinsic water-use efficiency (WUEi) and wood anatomical features 

of now-dead Scots pines were different from those of the pines that survived. These 

findings offer a way of identifying the trees that are more predisposed to die in the 

future. 

 

iii. The trees that died showed lower hydraulic capacity and lower investment of 

carbon for growth and defence, bringing support to the idea that drought-induced tree 

mortality is determined by a complex set of interrelated changes in the carbon and 

water economy of plants. Lower carbon availability in dying trees is consistent with 

depleted carbohydrate reserves observed in Scots pines from the same study sites 

prior to mortality. 

 

iv. Although the qualitative responses were similar between sites, the timing and fine 

characteristics of the decline process differed substantially between them, suggesting 

a long-term decline process at Prades and more recent and sudden process at 

Arcalís. This result suggests that the detailed physiological mechanism of drought-

induced mortality might differ even among populations of the same species. 

 

v. This thesis adds to the evidence suggesting that if the projections of more frequent 

and intense drought events come true, episodes of Scots pine mortality are likely to 

continue, leading eventually to a shift in the dominant vegetation in some areas. 
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