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Executive Abstract 

 

The negative impacts of severe drought on the growth and vigour of tree species and their 

relationship with forest decline have not been properly evaluated taking into account the 

differential responses to such stress of trees, sites, species and forests origin (natural vs. 

plantation). Drought-induced forest decline will gain in importance as the frequency and 

severity of drought events is expected to increase during the 21st century in the Mediterranean 

Basin. We evaluated these responses by quantifying the changes in radial growth of 

plantations of four pine planted species (Pinus sylvestris, Pinus nigra, Pinus pinaster, Pinus 

halepensis) and one natural (Pinus nigra) which showed distinct decline and defoliation levels in 

Andalusia (Spain). We used dendrochronological methods, defoliation records, logistic 

regression, linear mixed models of basal area increment, structural equation models and 

dynamic factor analysis to quantify the responses of trees at species, origin and individual 

scales mainly to site conditions, management (i.e., competition) and drought stress. In the region 

a temperature rise and a decrease in spring precipitation have led to drier conditions during 

the late 20th century characterized by severe droughts in the 1990s and 2000s. Our results 

demonstrate that trees from planted stands (excepted P. halepensis) experience stronger 

growth reductions during severe drought episodes than those from natural ones, explaining 

why these trees were less vulnerable to drought stress than planted trees. As expected, the 

defoliation levels and the reductions in basal area increment were higher in those species more 

vulnerable to drought-induced xylem embolism (P. sylvestris) than in those more resistant (P. 

halepensis). The sharp growth reduction and widespread defoliation in declining pine 

plantations make their future persistence in xeric sites in a forecasted warmer and drier 

Circum-Mediterranean region. The results of this thesis contribute to a better understanding of 

the mechanistic role of drought in pine decline, with implications not only for the future 

landscape development in rear edge forests of Europe, but also for others dry regions in the 

Mediterranean Basin. The models developed relating decline and growth processes to stands 

can represent a valuable contribution to guidelines on forest management techniques that will 

be required to meet changing objectives in a climatic change scenario. 
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Resumen ejecutivo 

 

Los impactos negativos de la sequía sobre el crecimiento y el vigour de las especies arbóreas 

y su relación con los fenómenos de decaimiento forestal no han sido adecuadamente 

evaluadas teniendo en cuenta las respuestas diferenciales a nivel de especie, árbol, sitio y 

origen de los bosques (naturales vs. repoblaciones). El decaimiento forestal inducido por 

sequías aumentará con la frecuencia y la severidad de los episodios de sequía pronosticados 

para el siglo XXI en la cuenca del Mediterráneo. Se evaluaron respuestas específicas 

mediante la cuantificación de los cambios en el crecimiento radial de cuatro especies de pino 

en áreas repobladas (Pinus sylvestris, Pinus nigra, Pinus pinaster, Pinus halepensis) y una especie 

en zona natural (Pinus nigra), que mostraron niveles de decaimiento y defoliación distintos a lo 

largo de Andalucía. Se utilizaron métodos dendrocronológicos, datos de defoliación, regresión 

logística, modelos lineales mixtos de incremento de área basal, modelos de ecuaciones 

estructurales y análisis de factor dinámico para cuantificar las respuestas de los árboles a 

escala de especies, origen y árbol; centrándose en la evaluación de los efectos de sitio, 

gestión (competencia) y estrés por sequía. En Andalucía, un aumento de temperatura y una 

disminución en las precipitaciones de primavera ha dado lugar a condiciones más secas a 

finales del siglo XX, que se caracterizaron por graves sequías en los años 1990s y 2000s. 

Nuestros resultados demuestran que los árboles de los rodales repoblados (a excepción de P. 

halepensis) experimentan fuertes reducciones en el crecimiento durante los episodios de sequía 

severas, siendo mayor que en los bosques naturales de P. nigra, lo que explica que estos 

últimos sean menos vulnerables a la sequía que los plantados. Como era de esperar, los 

niveles de defoliación y las reducciones en el incremento en área basal fueron mayores en las 

especies más vulnerables a la embolia xilemática provocada por la sequía (P. sylvestris) que 

en los más resistentes (P. halepensis). La fuerte reducción del crecimiento y una defoliación 

generalizada en las repoblaciones de pino en decaimiento cuestionan su persistencia futura en 

los lugares más xéricos ante una predicción más seca y cálida del area Circum-Mediterránea. 

Los resultados de esta tesis contribuyen a una mejor comprensión de los efectos de la sequías 

en los fenómenos de decaimiento forestal, con implicaciones no sólo para el desarrollo futuro 

del paisaje en los bosques del límite meridional de Europa, sino también para otras regiones 

secas de la Cuenca Mediterránea. Los modelos de decaimiento y crecimiento desarrollados en 

esta tesis representan una valiosa contribución a las directrices silvícolas, que será necesario 

adaptar para alcanzar los objetivos cambiantes en un contexto de cambio climático. 
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Summary 

 Tree mortality constitutes a major element of forest dynamics. Forest dynamics are 

driven by the regeneration, growth and this mortality process of individual trees. However, the 

ecological processes of individual tree decline are poorly understood, since they often result 

from a complex of multiple biotic and abiotic environmental factors that occur consecutively in 

time. In many growth-dependent tree mortality studies, recent growth patterns of tree rings 

are used as an indicator of mortality risk, which is often adopted in tree decline models. The 

relation between growth and dieback-mortality process is considered a measure for the stress 

tolerance of trees, which constitutes a key property determining forest succession. However, 

little is known about the species-specific growth-dieback process relationship in pine 

plantations in the rear (and driest) edge of Europe because of the highly variable character of 

dieback phenomena in space and time. Drought induced forest decline will gain in importance 

as the frequency and severity of drought events is expected to increase during the 21st century 

in the Mediterranean Basin. Drought has also been discussed as a major cause for the decline 

of pine forests (i.e., Pinus sylvestris L.) in Spain. The impact of drought on tree performance, 

meaning the successful growth of trees, was examined in this thesis. The objectives of the 

present thesis are (i) to assess the effects of drought stress on recent growth and vigour (using 

defoliation as a surrogate of tree vigour) in plantations of four pine species (P. sylvestris, P. 

nigra, P. pinaster, P. halepensis) along an ecological gradient encompassing sites with 

contrasting climatic conditions and defoliation levels in the southern limit of their natural 

distribution area in the Iberian Peninsula, (ii) to identify the main abiotic and biotic factors that 

may be causing pine plantation decline in the most affected pine species (P. sylvestris and P. 

nigra), (iii) to optimize and validate models for predicting the risk of tree dieback based on 

these growth-defoliation patterns and main causing factors and (iv) to determine if climate 

stress, stand variables (tree size, tree-to-tree competition), insect effects and warming-induced 

drought synergistically act causing differential vulnerability to forest decline in natural vs. 

planted stands in the southern of Spain.  

 

Chapter II: As a first step in this thesis, an approach to the impacts of drought on growth decline 

of pines plantations were evaluated considering only two Mediterranean species (Pinus 

pinaster and P. halepensis) with different vulnerability; and two areas with contrasting climates 

(-Sierra de los Filabres and Sierra de Baza- in south-eastern Spain); to understand the decline 

process. Dendrochronological methods were used to assess the responses of basal area 
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increment to drought in plantations. May and June precipitation of the year of tree-ring 

formation were enhanced with radial growth. In the more xeric area (Filabres) both pine 

species showed a sharp growth reduction in response to extreme droughts such as those 

observed in 1994-1995, 1999 and 2005. P. pinaster showed higher defoliation in the xeric 

area (Filabres) than in the more mesic area (Baza). Contrastingly, divergent radial growth 

patterns between trees showing high and low defoliation degrees were found for P. halepensis 

in the more xeric area, where a negative relationship between recent basal area increment 

and defoliation was found.  

Chapter III: Based upon these results (Chapter II), the approach was expanded to a ecological 

gradient for four species. The differential species responses were evaluated on plantations of 

four pine species (Pinus sylvestris, Pinus nigra, Pinus pinaster, Pinus halepensis) which showed 

distinct decline and defoliation levels in an ecological gradient in the southeastern Spain. 

Dendrochronological methods, defoliation records, linear mixed models of basal area 

increment and dynamic factor analysis were used to quantify the differential responses of 

trees at the species and individual scales to site conditions and drought stress. An increase 

(decrease) in temperature (spring precipitation) has characterized severe droughts in last 

decades of 20th century. The defoliation levels and the reductions in basal area increment 

were higher in those species more vulnerable to drought-induced xylem embolism (P. sylvestris) 

than in those more resistant (P. halepensis). The reduction in basal area increment and the 

defoliation events occurred after consecutive severe droughts.  

Chapter IV: These promising results (Chapter III) were used to model the decline process in the 

most vulnerable species in the driest site (P. nigra and P. sylvestris). Tree growth and mortality-

dieback process are key elements of forest dynamics, and thus are of great concern for forest 

managers. The two processes interact in their influence on forest structure and composition, and 

it is widely accepted that tree mortality-dieback can be predicted using tree growth data. The 

impact of biotic and abiotic factors on the growth and vigour of these species in drought-prone 

areas were analyzed. We develop a predictive model of forest decline risk for pine 

plantations. We examined tree size, tree-to-tree competition, site conditions and climate 

variables related to decline of pine plantations. Logistic regression and linear mixed models 

were used to study the relationship between canopy defoliation and growth, respectively. 

Climate, competition and physiographic variables were associated with crown damage and 

basal area growth, respectively. P sylvestris was more sensitive than P nigra to summer 

potential evapotranspiration effects. Also, climate and competition were the two main drivers 

affecting basal area growth. The sharp growth reduction and widespread defoliation in 
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declining pine plantations make their future persistence in xeric sites subject to frequent and 

severe droughts unlikely under expected warmer and drier conditions in the future.  

Chapter V: As the final step of this thesis, some of the methods that were developed in chapters 

II, III and IV were applied to reveal the differential ecological causes that have led to the high 

dieback rates pine plantations in southern Spain but not in coexisting natural forests (chapter 

IV). In this chapter, contrasted spatial and temporal changes in growth and vigour (crown 

defoliation) of P.nigra forests in dry eastern Andalusia sites were evaluated to understand the 

differential vulnerability of natural vs. planted stands to extreme drought events We analyze 

environmental, structural and climatic variables measured at the stand and tree levels from the 

Andalusian Forest Monitoring Network (AFMN). The decline probability of a tree is conditioned 

by its size, the competition degree (i.e., management; acting as predisposing factors), climatic 

stressors as droughts (mainly acting as inciting factors) and insect effects (acting as contributing 

factors). But there was a remarkable difference in how competition and climate drive growth 

process in natural and planted stands, in the latter with negative effects. The sharp growth 

reduction and widespread defoliation confirms the vulnerable character of planted stands 

compared to natural ones in a forecasted warmer and drier Circum-Mediterranean region. 

The results of this thesis contribute to a better understanding of the mechanistic role of 

drought in pine decline, with implications not only for the future landscape development in rear 

edge forests of Europe, but also for other dry regions in the Mediterranean Basin. Under the 

assumption of a warmer and drier future climate, increasing mortality rates of Mediterranean 

forests should be expected. Decline and growth models obtained in this thesis, are a promising 

approach to predict decline stages. The used of vigour (as defoliation) is very useful from the 

point of view of model fitting, since the crown damage of all trees is usually measured in 

traditional forest inventories. The models developed relating decline and growth processes to 

stands can represent a valuable contribution to guidelines on forest management techniques 

that will be required to meet changing objectives, specifically the early stages of 

transformation from even-aged to irregular structure, and they should be incorporated into 

overall forest guidance rather than used in isolation. This decline process observed at the local 

scale supports biogeographical approaches revealing that many rear-edge populations of 

pine (e.g., planted P. sylvestris and P. nigra) sheltered in the mountain environments of the 

Iberian Peninsula could be at risk under future climate scenarios. At the same time, the 

relevance of forest management as thinning treatments and sustainable harvest activities could 

potentially be used to mitigate the effects of climate change on high-density artificial stands in 

Spain.
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Forests are subject to a multitude of natural environmental influences, and they are 

increasingly affected by human-induced impacts, in particular land-use change and climate 

change (Watson et al. 2000; Houghton et al. 2001). On the global scale, forests play a major 

role in the biogeochemical cycle, which comprises carbon, nutrient, and water cycles (Waring 

and Running, 1998), and they influence geophysical processes, such as the reflection of 

radiation. On the regional scale, forests provide water, food, timber, nonwood products, and 

they are an important landscape element and protect humans from natural hazards in 

mountainous regions (Wunder, 2007). Understanding the individual elements of forest 

dynamics is a necessary prerequisite for spatio-temporal predictions of forest structure and 

composition on a global and regional scale. On the other hand, the world’s forests supply 

humankind with a wide range of goods and services, from timber production, recreational 

space and protection of human infrastructure to carbon storage in the framework of the Kyoto 

protocol (United Nations, 2005). The long-term maintenance of these and many additional 

ecosystem goods and services relies on the sustainability of forest management (Franklin, 

1995), which in turn is strongly related to the properties of long-term forest succession 

(Gleason, 1926). Therefore, understanding the processes driving succession such as the 

regeneration, growth and mortality of trees (Figure 1) under the current as well as a changed 

climate is of increasing concern (Allen et al. 2010). 

 

 

Figure. 1. Growth and mortality of trees as elements of forest dynamics and their relationships with tree structure, 

forest structure and the environment (by Wunder, 2007).  
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In this context, global climate change is expected to cause progressively increased 

frequency and severity drought events and heat waves in the Northern Hemisphere (IPCC, 

2007) affecting the world ecosystem goods and services; specifically, according to climatic 

models a generalized rise in temperature and a potential decline in annual rainfall are 

expected in the Circum-Mediterranean (one of the most fragile areas in the world) area within 

the current century (IPCC, 2007). In this context, the Mediterranean Forests are responding to 

climate warming through changes in growth and vigour thus acting as monitors of the effects of 

climate change on terrestrial ecosystems (Bonan, 2008).  

At the Mediterranean Basin, climate warming may increase the frequency and 

magnitude of extreme climatic events such as droughts (Manrique and Fernández-Cancio, 

2000; Frich et al. 2002). A higher frequency of severe droughts will negatively affect tree 

growth and vigour in sites where productivity is strongly limited by water availability 

(Boisvenue and Running, 2006). For this reason, global climate change is expected to cause a 

progressively increased frequency and severity of mortality rates and episodes of forest 

dieback in Mediterranean mountain forests, which are mostly drought-prone ecosystems 

(Richardson, 1998; Allen et al. 2010).  

Besides regeneration and tree growth, tree mortality constitutes a major element of 

forest dynamics. The process of tree death can be considered at different levels and from 

different viewpoints (Wunder, 2007). At the individual tree level, it reflects the inability of a 

tree to cope with adverse environmental conditions. From this perspective of an individual tree, 

stress can be caused by abiotic factors such as extreme temperatures, drought, lack of 

nutrients, mechanical injury, wind, fire, human effects, etc; and also by biotic factors such as 

inter- and intra-specific competition, fungi, insect and mammal herbivory (Schweingruber, 

1996). Due to small-scale differences of site conditions and a variable genetic make-up, 

varying longevities of individual trees result within one species (Robichaud and Methven, 1993; 

Larson, 2001). At the species level, tree mortality is reflected in the varying average 

longevities of tree species that pursue different survival strategies (Coley et al. 1985; Loehle, 

1988; Lorimer et al. 2001). At the community level, mortality plays a major role in the 

succession process, since tree mortality creates gaps in the forest, which leads to the release of 

suppressed, smaller individuals and the establishment of new trees (Wunder, 2006). Usually, 

many abiotic and biotic factors act together and form a complex system of intertwined 

mortality agents (Manion, 1981; Shigo, 1985). 

The processes leading to forest decline are still poorly understood because of the 

interaction of several stress factors acting at different spatio-temporal scales, which 

complicates the disentangling of lagged cause-effect relationships (Manion, 2003; Camarero 

et al. 2011). Tree decline in Mediterranean stands is a complex process that has been 



Chapter I 

39 

 

attributed to a wide range of potential causes, often involving prior droughts that initiate a 

growth decline and a lengthy chain of interacting events (Camarero et al. 2004; Das et al. 

2007; Galiano et al. 2010). A multi-factor, sequential decline hypothesis has commonly been 

considered to describe and explain this process within the Manion´s (1981) conceptual model: 

which includes (1) “predisposing factors” expose plants to long-term stress (e.g., poor soil 

conditions and/or high stand density, Vilà-Cabrera et al., 2011; i.e., “site conditions”); these 

predisposing factors increase the susceptibility of trees to (2) severe short-term stresses, known 

as “inciting factors” (e.g., drought); and (3) eventually the “contributing factors” (e.g., parasites 

and/or additional climatic events) causing a decline in tree vigour and tree mortality events 

(Figure 2). 

Despite the compelling theoretical background of this hypothesis, the empirical support is 

relatively weak because the studies documenting drought-induced decline rarely analyze the 

relative importance of all the factors that are potentially involved (but see Galiano et al. 

2010). This is particularly the case in studies of decline in Mediterranean Mountain forests 

(Linares et al. 2009; Linares and Tiscar, 2010). 
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Figure 2. Sequential decline hypothesis with multiple factors involved in a complex process adapted from Manion 

(1981) for this dissertation. Graph “Factors of pine decline” on the right side is adapted from Rigling and 

Dobbertin (2008).  
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Warming-induced forest decline in drought-prone sites is usually linked to increase in 

defoliation and selective mortality of dominant overstory trees of some species (McDowell et 

al. 2008). Indeed, negative impacts of drought stress on growth of vulnerable tree species 

have been documented in drought-stressed areas with pronounced water deficit such as the 

Mediterranean Basin (Peñuelas et al. 2001; Galiano et al. 2010; Sarris et al. 2007, 2010). 

Episodes of sudden growth decline have also been detected near the southern range edge of 

the natural distributional range of tree species (Camarero et al. 2004; Jump et al. 2006; 

Martínez-Vilalta et al. 2008; Linares et al. 2009). The abundance of cases of similar drought-

induced forest decline and mortality episodes has led to consider them a worldwide 

phenomenon linked to global warming (McDowell et al. 2008; Allen et al. 2010). 

In Europe, several Mediterranean pine species reach their southernmost limit of 

distribution in the mountains from the southern Iberian Peninsula (the “rear edge” populations) 

(e.g., P. sylvestris, P. nigra subsp. salzmanii). Then, we can expect that these southernmost 

populations of pines growing in xeric sites may be more vulnerable to warming-induced 

drought stress than similar populations growing in mesic sites (Jump et al. 2006; Macias et al. 

2006; Linares and Tiscar, 2010; Navarro-Cerrillo et al. 2012) (Figure 3). For instance, 

populations in xeric sites of southern Iberia may be more sensitive to drought-linked xylem 

embolism and can show greater growth decline than northern populations from mesic sites 

(Martínez-Vilalta et al. 2008; Camarero et al. 2010). However, southern pine populations 

may also show adaptive features to withstand the negative effects of drought on growth and 

hydraulic conductivity (McDowell et al. 2008). These adaptations should depend not only on 

the species’ resistance or vulnerability to drought but also on local conditions such as soil water 

holding capacity which may modulate the effects of climatic stressors (Camarero et al. 2004; 

Macias et al. 2006; Linares and Tíscar, 2010). Mountain coniferous forests in southeastern 

Spain (Andalusia) might be some of the most vulnerable woodlands to climate-induced forest 

dieback (Linares et al. 2009; Navarro-Cerrillo et al. 2012). First, many of these forests are 

located in sites with low soil water-holding capacity (Vanderlinden et al. 2005). Second, 

climatic trends in the twentieth century indicate a notable reduction in water availability in this 

area. For example, precipitation has decreased there since 1950 at a mean rate of -50 mm 

per decade (De Luis et al. 2009a). 

Recent episodes of growth decline associated to drought events have been reported for 

Pinus sylvestris L. in central Europe (Rebetez and Dobbertin, 2004; Bigler et al. 2006) and NE 

Spain (Martinez-Vilalta and Piñol, 2002). Moreover, mortality and growth decline of several 

conifers throughout the Iberian Peninsula were detected in response to the 1980s and 1990s 

droughts, mostly affecting conifer forests in xeric sites from Mediterranean mountains that have 

been the subject of considerable study and debate (Lloret and Siscart, 1995; Peñuelas et al. 
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2001; Camarero et al. 2004; Galiano et al. 2010; Linares and Tíscar, 2010; Carnicer et al. 

2011). 

Marginal tree populations located near the xeric limit (rear edge) of the species 

distribution area may serve as a valuable model for assessing the stressing effects of drought 

on forest decline. Most of studies have been focused on natural forests despite recent episodes 

causing a sharp growth decline and leading to massive defoliation events have been also 

described in pine afforestations (Andreu et al. 2007; Navarro-Cerrillo et al. 2007; Carnicer et 

al. 2011). 

Extensive pine afforestations (plantations) are highly relevant in the Mediterranean Basin 

from both ecological and socioeconomic points of view; because the Mediterranean Basin is 

one of the world regions with the largest proportion of planted forests (FAO, 2006). For 

instance, the Spanish Reforestation Plan of 1939 allowed planting more than 3.5 million ha. of 

forests, mainly pine species (Montero, 1997). Pines were the tree species most commonly 

planted due to their fast growth rates in open, xeric conditions, promoting rapid canopy 

closure and eventual facilitation of the establishment of late successional hardwoods (Zavala 

and Zea, 2004). Lack of post-plantation practices –due to their elevated costs and low timber 

production– has often resulted in high-density and vulnerable pine stands with limited dynamic 

succession (Gómez Aparicio et al. 2011; Ruiz-Benito et al. 2012). Moreover, those plantations 

have shown a high risk of dying under water stress (drought) conditions (Martínez-García, 

1999; Galiano et al. 2010). 

In addition, “rear edge” tree populations are likely to be particularly sensitive to the 

effects of increasing aridity and management release (Hampe and Petit, 2005). Rear edge 

forest mortality and decline processes have been related to stand density and lack of 

silvicultural practices in most pine plantations (Linares et al. 2009, 2010a; Camarero et al. 

2011; Martín-Benito et al. 2010a). Pine plantations have allowed trees growing well beyond 

the natural southern “xeric” edge of their range thus providing valuable long-term field 

experiments. Plantations potentially monitor effects of drought stress and others factors on tree 

growth and vigour better than natural forests since the former are structurally and genetically 

less variable, grow on more homogeneous site conditions, and are subjected to fewer 

disturbances than the latter (Helama et al. 2008).  

Forest decline in Andalusia can be linked to two main processes: a progressive growth 

reduction (radial, height, or volume) and a rapid defoliation, both used as descriptive 

variables to study impact of environmental factors on forest decline (Breda et al. 2006; 

Dobbertin, 2005; Dobyshev et al. 2007; Carnicer et al. 2011). Defoliation is one of the main 

factors used to indicate future mortality and forest health and it integrates the effects of other 

factors such as relative water and nutrient availability (Dobbertin and Brang, 2001; 
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Dobbertin, 2005; Dobyshev et al. 2007; Linares et al. 2011). In forest decline studies, 

defoliation refers to reduction of overall crown volume, and usually visually estimated via a 

visual assessment and systematic rating system applied to individual trees assessed their vigour 

using a semi-quantitative scale based on the percentage of crown defoliation (Müller and 

Stierlin, 1990 and following UN/ECE, 1994 methodology). On the other hand, 

dendrochronological methods have been employed to assess the effects of drought stress on 

forest decline and tree defoliation (Dobbertin, 2005). Temporal variability of tree-ring width 

has been regarded as a proxy of growth changes in response to water deficit, based on the 

general assumption that climate-growth relationships remain constant over time (Fritts, 1976). 

This assumption has been questioned by studies showing climate-growth relationships that vary 

through time and therefore depend on tree and species characteristics; i.e. tree size and 

growth rate or tree species’ vulnerability against drought stress (Szeicz and MacDonald, 1994; 

Tardif et al. 2003; Linares et al. 2010a). 

Several studies have suggested the existence of a relationship between negative growth 

trend and crown defoliation in the decline process (Dobbertin, 2005; Jump et al. 2006; 

Dobyshev et al. 2007). A negative trend in a recent basal area may be a strong indication of 

overall tree growth and physiological decline (Jump et al. 2006). Several studies 

demonstrated that tree crown conditions at the time of sampling was correlated with tree 

growth over the preceding decade, and from this relationship it was possible to predict the 

decline process with significant statistical precision (i.e., about 90% variance explained in the 

models) by at least five years beforehand (Dushesne et al. 2003; Bigler and Bugmann, 2003; 

Dobyshev et al. 2007).  

However, few studies have evaluated how growth and vigour respond to drought stress 

in conjunction with the effects of environmental and competition factors, and particularly in 

Mediterranean pine stands (Bravo-Oviedo et al. 2006; Kantavichai et al. 2010); taking into 

account the main sources of variability in these response variables, i.e., tree (size, age, growth 

rate, genotype) and species (vulnerability against drought stress, adaptive capacity) 

characteristics (but see Orwig and Abrams, 1997). The stress reaction as expressed by 

reduced radial stem growth and increased defoliation, serves as an integrative response to 

different types of stress. A fundamental hypothesis of the present thesis is that radial stem 

growth and defoliation can be used as an indicator for the stress level that a tree experiences 

in dieback process. 

The quantitative analysis of the species-specific behavior of trees under stressed 

conditions must be based on a functional relation between growth rates, vigour status and 

stress factors (i.e., drought). Many statistical models have been proposed to fulfill this aim, 

though they are based on different data sources and are characterized by widely differing 
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flexibility. In practice, data sources comprise tree-ring series with annual growth information or 

forest inventory data with multi-annual growth information as described Wunder et al. (2006). 

Yet, the statistical analysis of the growth-vigour relationship is often difficult for two reasons. 

First, the available data rarely reflect the highly variable nature of decline over space and 

time in a satisfactory manner, as they represent small samples only (Hawkes, 2000). Secondly, 

even in the case of comparatively large data sets, the underlying real growth-vigour 

relationship is obviously unknown. Thus, it is only possible to evaluate the accuracy of 

prediction of growth-vigour models directly with the real growth-vigour relationship in a 

climatic change context, focusing the sampling in the most vulnerable Mediterranean forests. 

To evaluate these contributing effects of long-term growth patterns (rates and trends) 

and short term growth and vigour sensitivity to drought stress, it can used retrospective tree-

ring and climate analyses and crown defoliation as a surrogate of tree vigour. 

The study area in this PhD thesis was Andalusia, southern Spain. The study area includes 

the southern limit of distribution of several species like P. sylvestris and P. nigra subsp. salzmanii 

and comprises areas recently affected by drought-induced decline (Navarro-Cerrillo et al. 

2007; Linares and Tiscar, 2010) (Figure 3). This area (Andalusia) covers around 87,600 km2 

and includes a wide variety of habitats, from low lands and meadows on the western side to 

tall mountains (well above 3400 m.a.s.l.) in the east. Around 44,000 km2 are forested, of which 

19% are covered by both natural (1%) and afforested pine plantations, mostly monocultures 

(99%) (CMA, 2009). Mountain systems surround the region and lie on both sides of the 

Guadalquivir River Basin, with palaeozoic and siliceous materials to the north, and sedimentary 

materials (limestone and sandstone) to the south. The climate is Mediterranean but quite 

variable, with mean annual precipitation varying between 140 and 2153 mm. Dry and warm 

summers (average July temperature: 15 ºC to 31 ºC; precipitation 0 to 39 mm) are followed 

by fairly cold winters (average January temperature: -2 ºC to 12 ºC) (Spanish Agency of 

Meteorology, AEMET 2010). The pine forests in Andalusia are dominated by natural stands 

located in cold, northern-oriented and high-elevation sites for P. sylvestris (1600-2270 m, 

1,000 ha) and P. nigra (800-2200 m; 107,000 ha); and in contrast stands located in 

temperate-warm low-medium elevation sites for P. pinaster (0-1800 m; 77,000 ha) and P. 

halepensis (0-1600 m; 147,000 ha) (Catalan et al. 1991; Gil et al. 1996); and planted forests 

(P.sylvestris,  45,000 ha; P. nigra, 40,000 ha, P. pinaster, 119,000 ha, P. halepensis, 133,000 

ha) that were established in the 1960s and 1970s using seeds collected in southern and central 

Spain (Figure 3) (Montero, 1997; Blanco et al., 1997; Navarro-Cerrillo et al. 1999; Alía et al. 

2005; Ruiz de la Torre, 2006).  

In Andalusia, pine forests have been greatly affected by climate change during the 

recent decades (Navarro-Cerrillo et al. 2007; Linares and Tiscar, 2010; Martín-Benito et al. 
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2010a). The selected tree species comprised four pine species, including one pine with 

Eurosiberian distribution (Pinus sylvestris L.) and three Circum-Mediterranean pines (Pinus nigra 

Arn., P. pinaster Ait. P. halepensis Mill.).  

Scots pine (P. sylvestris) is one of the most widely distributed tree species on Earth, with 

populations ranging from Boreal to Mediterranean regions (Barbéro et al. 1998) ranging in 

Europe from Siberia to southern Spain, where it is restricted to cool microsites in the mountains 

of Andalusia (Figura 3). The sites in the Iberian Peninsula represent the southwestern limit of the 

distribution of this species and include some of its driest populations (Nicolás and Gandullo, 

1969; Catalán et al. 1991; Ruiz de la Torre, 2006). Iberian Scots pine populations are thus 

particularly good models to study the effects of predicted future climate change (Gutierrez, 

1989; Martínez-Vilalta et al. 2008; Vilà-Cabrera et al. 2011). 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 (Martínez-Vilalta et al. 2004). 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). 

Black pine (Pinus nigra Arn. subsp. salzmanii) is widely distributed in southern Europe, 

where it covers a wide latitudinal gradient, and it is abundant in the eastern Iberian mountain 

ranges (Figure 3) covering over 350,000 ha in Spain. The sites in the Iberian Peninsula 

represent the southwestern limit of the distribution of this species in Europe and some 

populations in Andalusia include some of the driest sites where P. nigra grows (Navarro-

Cerrillo et al. 2012). In the western part of its distribution area, black pine forests commonly 

occupy the supramediterranean altitudinal belt between the more thermophilic pines (Pinus 

halepensis Mill., P. pinea L., Pinus pinaster Ait.), and the more mesic-temperate Scots pine (P. 

sylvestris L.) (Blanco et al. 1997; Barbéro et al. 1998). In the Iberian Peninsula, black pine 

covers a wide latitudinal gradient from the Baetic mountain range in the south to the Pyrenees 

in the north (Catalán et al. 1991). 

The other species (P. pinaster and P. halepensis) reach their southwestern European 

distribution limits in the study area (Gil et al. 1996; Blanco et al. 1997; Richardson, 1998) 

(Figure 3). Both species are Mediterranean pines dominant in xeric sites under dry to semi-arid 

conditions, and characterized by their high productivity and higher resistance to drought-

induced embolism as compared with boreal pine species such as P. sylvestris (Richardson, 

1998; Martínez-Vilalta et al. 2004). In Spain, the studied pine species occur on both basic and 

acid soils excepting P. pinaster, which is more abundant in sites with acid substrates.  

Long-term radial growth trends in these forests, both natural and planted, have been 

greatly affected by climate change during the second half of 20th century (Andreu et al. 
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2007; Linares and Tiscar, 2010; Martín-Benito et al. 2010a). Therefore these pines are 

interesting species to study the effects of extreme climatic events such as droughts mainly in 

planted forests which may allow determining the role of past management on forest decline 

processes.  

 

Figure 3. The upper inset maps show the natural distribution for the studied pines species, and the left figure show 
the location of the study area (in black) in SE Spain (Andalusia) (in red). Sampling sites (black point and lines) and 
the distribution of natural (blue) and planted (pink) studied pines forests in Andalusia. The distribution maps are 
based on information provided by Alía and Martin (2002); Alía et al. (2005) and EUFORGEN (2009).  



General Introduction  

46 

 

Objectives and research questions 

 The overall goal of this PhD thesis was to explore forest decline processes for a range 

of tree species to gain new ecological insights into their stress tolerance behavior and 

vulnerability to climate change, by formulating decline and growth models. 

 

From an ecological point of view, I focused on the following main hypothesis: 

 

- Spatial and temporal changes in growth and vigour (crown defoliation) of planted pine 

forests in dry eastern Andalusia sites could be related to the differential vulnerability to 

extreme drought events. 

-  Given the recent increase in drought severity in the study area (De Luis et al. 2009a), We 

expect that the spatial variability in decline and growth rates would be more related to 

site climatic conditions than to their forest structure and past management.  

- The decline episode might be species-specific, affecting selectively pine species as a 

function of their vulnerability against drought stress. We hypothesize that P. sylvestris and 

P. halepensis will be the most and less adversely affected species, in terms of growth and 

defoliation, in response to drought stress. 

- We hypothesize that contrasting spatial and temporal changes in growth and crown 

defoliation of P. nigra forests could be related to the differential vulnerability of natural 

vs. planted stands to extreme drought events. 

 

To answer these questions, the following objective had to be answered: 

 

- To assess the effects of drought stress on recent growth and vigour (using defoliation as a 

surrogate of tree vigour) in plantations of four pine species (P. sylvestris, P. nigra, P. 

pinaster, P. halepensis) along an ecological gradient encompassing sites with contrasting 

climatic conditions and defoliation levels in the southern limit of their natural distribution 

area in the Iberian Peninsula (Chapter II, III). 

- To identify the main abiotic and biotic factors that may be causing pine plantation decline 

in the most affected pine species (P. sylvestris and P. nigra) (Chapter IV). 

- To optimize and validate models for predicting the risk of tree dieback based on these 

growth-defoliation patterns and main causing factors (Chapter IV; V). 
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- To determine if climate stress, stand variables (tree size, tree-to-tree competition), insect 

effects and warming-induced drought synergistically act causing differential vulnerability 

to forest decline of natural and planted stands in the southern of Spain (Chapter V).  

 

To answer these questions we analyzed a detailed dataset of environmental, structural, 

and climatic variables at the stand and tree levels, including sites subjected to contrasting 

climatic conditions, combined with tree-ring data and assessments of crown defoliation. We 

combined these climatic data, dendrochronology, defoliation field records in statistical models 

to quantify growth and vigour responses of pine species to drought stress. A detailed analysis 

of the growth trends in response to drought in rear-edge pine populations can increase our 

understanding of the consequences of climate warming on vegetation. In a wider context, these 

models can be used for improved projections of forest dynamics and management policy in 

changing environments. 



General Introduction  

48 

 

Novel aspects of this thesis 

This dissertation has certain aspects that can be considered as novel within the context of 

the research study of forest decline in a climatic change scenario: 

1) The use of tree growth and defoliation as a tree-vitality or stress indicator of forest 

decline stage. Tree growth and crown defoliation may complement each other to understand 

the forest decline process. The models developed relating decline and growth processes to 

stands can represent a valuable contribution to guidelines on forest management techniques 

that will be required to meet changing objectives, specifically the early stages of 

transformation from even-aged to irregular structure, and they should be incorporated into 

overall forest guidance rather than used in isolation.  

2) There are not studies that have evaluated the effects of drought stress on recent growth 

and vigour (using defoliation as a surrogate of tree vigour) in plantations of these four pine 

species (P. sylvestris, P. nigra, P. pinaster, P. halepensis) along an ecological gradient 

encompassing sites with contrasting climatic conditions and differential decline stage. 

3) There are few studies that have evaluated growth and crown dieback separately and 

together, while also assessing the effects of biotic and abiotic factors, and particularly in 

planted Mediterranean pine stands.  

4) The used of crown defoliation categories in the developed decline and growth models 

demonstrated that it is an useful parameter to predict decline stages. Developed decline and 

growth models are a novel and promising approach to understand the climatic change effects 

on the mountain environments in the Iberian Peninsula under future climate scenarios. 

5) Proposed conceptual model in this chapter is a new contribution to understand the 

Mediterranean plantations dieback processes.  

6) There are not studies that have evaluated the effects of drought and past management 

as drivers of divergent vulnerability to climatic change between natural and planted stands in 

the natural and xeric rear-edge of Europe. 
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Drought-induced growth decline of Aleppo and maritime pine forests in south-eastern 

Spain  

 

Abstract  

Climate warming may enhance the negative effects of droughts on radial growth in areas with 

severe water deficit, such as Mediterranean mountains under semi-arid conditions. The impacts 

of drought on growth decline of Mediterranean pines have not been evaluated considering 

species with different vulnerability and areas with contrasting climates. Dendrochronological 

methods were used to assess the responses of basal area increment to drought in Pinus pinaster 

and P. halepensis plantations. We compared growth trends of trees with different defoliation 

degree in two sites in south-eastern Spain (Sierra de los Filabres and Sierra de Baza) with 

contrasting climatic conditions. In the more xeric area (Filabres) both pine species showed a 

sharp growth reduction in response to extreme droughts such as those observed in 1994-1995, 

1999 and 2005. The radial growth of both species was enhanced by May and June 

precipitation of the year of tree-ring formation. P. pinaster showed higher defoliation in the 

xeric area (Filabres) than in the more mesic area (Baza) but needle loss was not linked to an 

abrupt growth reduction. Contrastingly, divergent radial growth patterns between trees 

showing high and low defoliation degrees were found for P. halepensis in the more xeric area, 

where a negative relationship between recent basal area increment and defoliation was 

found. Pine plantations in Mediterranean mountains under semi-arid conditions are highly 

vulnerable to warming-induced droughts. Such marginal stands constitute valuable monitoring 

systems to assess the negative impacts of drought on tree growth, and to test if management 

strategies as thinning can mitigate the negative impacts of climate warming on similar drought-

stressed forests. 

 

Key words: basal area increment, climate warming, dendroecology, drought index, 

Mediterranean forests, Pinus, tree-ring width. 
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Decaimiento del crecimiento inducido por sequía en bosques de pino carrasco y pino 

negral del sudeste de España  

 

 

Resumen 

El calentamiento climático puede aumentar los efectos negativos de la sequía sobre el 

crecimiento radial de especies arbóreas en zonas con un déficit hídrico elevado como es el 

caso de la montaña mediterránea semi-árida. Los impactos de la sequía sobre la disminución 

del crecimiento de las especies forestales mediterráneas no han sido evaluados considerando 

especies con distinta vulnerabilidad y zonas con diferentes condiciones climáticas. Se usaron 

métodos dendrocronológicos para evaluar las respuestas del incremento de área basimétrica 

a la sequía en repoblaciones de Pinus pinaster y P. halepensis. Se compararon las tendencias 

de crecimiento en árboles con diferente grado de defoliación en dos zonas cercanas del 

sureste de España (Sierra de los Filabres, Sierra de Baza) con climatología contrastada. En la 

zona más seca (Filabres) los árboles mostraron una mayor reducción del crecimiento radial en 

respuesta a las sequías extremas, como las observadas en 1994-1995, 1999 y 2005. El 

crecimiento de ambas especies respondió positivamente a la precipitación de mayo y junio del 

año de formación del anillo. Las poblaciones de P. pinaster en el área más seca (Filabres) 

mostraron una mayor defoliación que en la zona menos seca (Baza), pero dicha defoliación no 

estaba relacionada con una reducción abrupta del crecimiento. Por el contrario, encontramos 

una divergencia del patrón de crecimiento entre árboles de alto y bajo grado de defoliación 

para P. halepensis en la zona más seca, donde se encontró una relación negativa entre el 

incremento de área basimétrica y la defoliación reciente. Las repoblaciones de pinos de las 

montañas mediterráneas en condiciones semiáridas son altamente vulnerables a sequías 

inducidas por el calentamiento climático. Estos bosques marginales constituyen un valioso 

sistema de seguimiento para evaluar los efectos negativos de las sequías sobre el crecimiento 

de los bosques y para evaluar si las estrategias de gestión como el aclareo pueden mitigar 

los impactos negativos del calentamiento climático sobre bosques similares sometidos a un 

severo déficit hídrico. 

 

Palabras clave: incremento de área basimétrica, calentamiento climático, dendroecología, 

índice de sequía, bosques mediterráneos, Pinus, anchura del anillo de crecimiento. 
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1 Introduction  

Forests are responding to climate warming through changes in growth and vigour thus 

acting as monitors of the effects of climate change on terrestrial ecosystems (Bonan, 2008). An 

increase in temperature and evapotranspiration and a greater frequency of severe droughts 

have been predicted for the Mediterranean Basin in the near future (IPCC, 2007). Forest 

dieback and growth decline are usually linked to severe droughts occurrence in areas with 

pronounced water deficit such as the semi-arid USA (Allen and Breshears, 1998). Thus, the 

negative effects of warming-induced drought might also affect negatively the performance of 

Mediterranean mountain forests, which are mostly drought-prone ecosystems. 

Droughts can modify the hydraulic conductivity of trees reducing their vigour and causing 

a decline in radial growth (McDowell et al. 2008). Indeed, drought-induced dieback, declining 

radial growth and increased mortality rates have been described for drought-prone forests 

throughout the world (Allen et al. 2010). These dieback episodes usually show a great spatial 

variability across geographical gradients (Van Mantgem and Stephenson, 2007; Peñuelas et 

al. 2008). However, the responses of forests to warming-induced drought, including growth 

decline, can also vary as a function of species-specific resistance to drought and local climatic 

conditions (Suarez et al. 2004).  

In Europe, several Mediterranean pine species reach their southernmost limit of 

distribution in the mountains from the southern Iberian Peninsula. Then, we can expect that these 

southernmost populations of pines growing in xeric sites may be more vulnerable to warming-

induced drought stress than similar populations from growing in mesic sites (Jump et al. 2006; 

Macias et al. 2006; Linares et al. 2009). For instance, populations in xeric sites of southern 

Iberia may be more sensitive to drought-linked xylem embolism and can show greater growth 

decline than northern populations from mesic sites (Martínez-Vilalta et al. 2008). However, 

southern pine populations may also show adaptive features to withstand the negative effects 

of drought on growth and hydraulic conductivity (McDowell et al. 2008). These adaptations 

should depend not only on the species’ resistance or vulnerability to drought but also on local 

conditions such as soil water holding capacity which may modulate the effects of climatic 

stressors (Camarero et al. 2004; Macias et al. 2006; Linares and Tíscar, 2010). 

Recent episodes of growth decline associated to drought events have been reported for 

Pinus sylvestris L. in central Europe (Rebetez and Dobbertin, 2004; Bigler et al. 2006) and NE 

Spain (Martinez-Vilalta and Piñol, 2002). Moreover, mortality and growth decline of several 

conifers throughout the Iberian Peninsula have been the subject of considerable study and 

debate (Camarero et al. 2004). In the Iberian Peninsula, relevant episodes of forest decline 

were detected in response to the 1980s and 1990s droughts, mostly affecting conifer forests 
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in xeric sites from Mediterranean mountains (Lloret and Siscart, 1995; Peñuelas et al. 2001; 

Camarero et al. 2004; Linares and Tíscar, 2010). These studies focused on natural forests 

despite recent episodes causing a sharp growth decline and leading to massive defoliation 

events have been also described in pine afforestations (Navarro-Cerrillo et al. 2007). 

Extensive pine afforestations are highly relevant in the Mediterranean Basin from both 

ecological and socioeconomic points of view. For instance, ca. 3.5 million ha were reforested 

with conifers since the 1940s in Spain (Montero, 1997). Nevertheless, the effects of droughts 

on tree dieback and growth decline have been rarely evaluated in pine reforestations despite 

its ecological and economic importance.  

In Spain, the area occupied by maritime pine (Pinus pinaster Ait.) and Aleppo pine (Pinus 

halepensis Mill.) plantations are ca. 713,000 ha and 484,000 ha, respectively (Montero, 

1997; Ruiz de la Torre, 2006). Both species are Mediterranean pines dominant in xeric sites 

under dry to semi-arid conditions, and characterized by their high productivity and higher 

resistance to drought-induced embolism as compared with boreal pine species such as P. 

sylvestris (Richardson, 1998; Martínez-Vilalta et al. 2004).  

Climatic trends in eastern Andalusia, southern Spain, during the second half of the 20th 

century were characterized by a high drop of spring rain (De Luis et al. 2008). Such increase 

in spring aridity was particularly noticeable in mountains from SE Spain (Fernández-Cancio et 

al. 2011). Concurrently, a dieback process was detected in 2001 in Sierra de los Filabres 

(Andalusia, SE Spain) affecting at least 10,000 ha of Pinus afforestations that showed massive 

defoliation, spreading to the neighboring range in Sierra de Baza (Navarro-Cerrillo et al. 

2007, Sánchez-Salguero et al. 2009). The lack of visual symptoms of forest pathogens and 

pests, and its coincidence with previous extreme droughts in the mid 1990s, suggested that the 

decline might be linked to drought stress (Fernández-Cancio et al. 2011).  

In this study, we used dendrochronological methods to evaluate the relationships between 

radial growth and drought severity in P. pinaster and P. halepensis plantations located in two 

mountain areas (Filabres, Baza) with contrasting climatic conditions in southern Spain. We 

employed dendrochronology as the best tool to quantify the severity of growth decline of 

trees in the context of the last 2-3 decades and its relationship with drought stress and 

defoliation events (Camarero et al. 2004). We aimed to (i) quantify the changes in recent 

radial growth in response to severe droughts, (ii) determine if there are different responses to 

drought in the growth of both species in two study areas, and (iii) evaluate the correspondence 

between the recent defoliation degree and the growth response to drought severity, as 

inferred through the assessment of climate-growth relationships. 
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2 Material and Methods  

2.1  Study area  

 The study area includes afforestations of P. pinaster and P. halepensis located in the 

Sierra de Baza (37º 13’ N, 2º 32’ W, elevation range 845-2269 m) and Sierra de los 

Filabres (37º 22’ N, 2º 50’ W, elevation range 300-2186 m) (Figure 1). The mean annual 

rainfall (1950-2009 period) ranged between 320 mm in Sierra de Filabres (from now on 

“Filabres”) to 400 mm in Sierra de Baza (from now on “Baza”) and the estimated mean annual 

temperature was 13.4ºC at 1000 m. These values correspond to a Mediterranean semi-arid 

climate. The soils had a greater water holding capacity in Baza than in Filabres, being 

respectively cambisols on limestone substrate and regosols on limestone substrate (LUCDEME, 

2004). 

 

 
 

Figure 1. Study area and sampling sites (different symbols or lines correspond to the two study species and 

areas, respectively). The upper inset maps show the distribution of both species and the location of the study area 

in SE Spain (Andalusia). The distribution maps are based on information provided by Alía and Martin (2002) and 

Fady et al. (2003).  
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2.2  Field sampling  

The trees were classified into two vigour classes according to their current defoliation 

degree: “healthy” trees with low to moderate defoliation (hereafter abbreviated as H trees) 

lower than 25% of the crown, and defoliated trees (hereafter abbreviated as D trees) with 

crown defoliation higher than 25% (Ferretti, 1994; UN/ECE 1994). Stratified sampling was 

done for each species, study site and vigour class, with the sampled trees randomly selected 

from each canopy stratum. Selected trees represent every vigour class and they were located 

at a distance greater than 100 m from the closest stand edge. The diameter at breast height 

(dbh, cm), total height (m) and vigour class (H or D) were registered for each tree (Table 1). 

The selected trees were felled and a transversal disk of the bole at 1.3 m height was 

obtained.  

 

Table 1. Description of the trees sampled in the Baza (B) and Filabres (F) study areas. 

Species (code) No. 

trees 

Dbh (cm) Height (m) Defoliation (%) 

 B F B F B F B F 

P. halepensis (Ph) 38 16 16.1 ± 0.8 16.2 ± 0.9 6.5 ± 0.3 6.6 ± 0.4 25.0 ± 2.6 27.3 ± 3.9 

P. pinaster (Pp) 45 19 17.5 ± 0.5 17.7 ± 0.6 6.2 ± 0.2 6.2 ± 0.2 24.0 ± 2.2
a
 47.5 ± 5.0

b
 

Values are means ± SE. Different letters indicate significant (P < 0.05) differences between study areas (Mann-Whitney U 

test). 

 

2.3 Dendrochronological methods 

The disks were dried and polished with sandpapers of successively fine grain until its 

growth rings were clearly visible. Two opposite radii per section perpendicular to the 

maximum slope were selected to avoid reaction wood. The ring series along these radii were 

visually cross-dated based on characteristic rings (Yamaguchi, 1991). The polished surfaces of 

the disks were subsequently scanned to a resolution of 300 ppp. The annual growth rings in the 

synchronized tree-ring series were measured with a resolution of 0.01 mm using the semi-

automatic measurement system WinDendroTM (Regents Co., Canada). Cross-dating of the tree-

ring series was evaluated using the COFECHA program (Holmes, 1983). 

To analyze changes in growth patterns, we calculated annual basal area increment (BAI) 

for both pine species and study areas, considering both health classes separately, using the 

following formula: 

BAI = π (R2
t – R2

t-1)    (1) 

where R is the radius of the tree and t is the year of tree-ring formation.  
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We also obtained the residual chronologies of ring-width indices by eliminating the long-

term growth trends related to increasing tree size and age and reducing the first-order 

autocorrelation. Detrending of the tree-ring series was done by fitting a negative exponential 

curve to each series. Dendrochronological statistics were used to compare growth of less or 

more defoliated trees. We calculated the mean sensitivity (MS), a measure of the relative 

difference of growth between consecutive rings, and the first-order autocorrelation (AR1), a 

measure of similarity in width between consecutive rings (Fritts, 1976). Dimensionless Residual 

indices of tree growth were produced by dividing the raw ring width values by the values of 

the fitted curve and performing autoregressive modeling of the results with the program 

ARSTAN (Cook, 1985).  

 

2.4 Climate data  

We used two sources of climate data for different purposes. First, to assess climate-

growth relationships we used data from thirty local meteorological stations with long and 

continuous records located near both study areas (source AEMET). Second, to quantify changes 

in climatic trends of both study areas during the 20th century we obtained data interpolated 

data from the period 1900-2006 for the of 0.5º-grid (coordinates 37º 00’-37º 30’ N and 2º 

30’-3º 00’ W) from the database CRU TS 2.1 (Mitchell et al. 2001). Missing data of the local 

series were reconstructed by linear regressions based on local interpolation considering the 

nearest and most complete stations (Fernández-Cancio and Manrique-Menendez, 1997).  

A regional series of monthly climate variables (mean temperature, total rainfall) for each 

study area (Filabres, Baza) was obtained using the subroutine MET of the Dendrochronology 

Program Library package (Holmes, 2001). The homogeneity of the climatic series was assessed 

using the subroutine HOM of the same package. Finally, we calculated an index of annual 

water deficit or drought index (DRI, in mm) since this may be a better indicator of the effects 

of water availability on tree growth than temperature or precipitation itself. The DRI was 

calculated since 1950 using mean values of the two regional climate series derived from local 

data. The DRI is defined as the difference between the accumulated precipitation (P) and the 

potential evapotranspiration (PET) since August of the previous year up to July of the year of 

tree-ring formation, i.e. DRI = P – PET (Thornthwaite, 1948, Bigler et al. 2006). Thus, lower 

(higher) DRI values indicate higher (lower) water deficit. 
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2.5  Growth response to climate  

The relationships between radial growth and climate were evaluated for each species, 

study area and vigour class using the residual chronologies and the regional climate series of 

mean monthly temperature and monthly precipitation. Growth-climate relationships were 

quantified using Pearson correlation coefficients. Growth indices and monthly climatic series 

were compared from August of the previous year to September of the year of tree-ring 

growth because this is the most influential period for radial growth of both studied pines 

(Richter and Eckstein, 1991; De Luis et al. 2007; Camarero et al. 2010). Correlation analyses 

were performed using the program Dendroclim 2002 (Biondi and Waikul, 2004). 

 

3 Results 

Mean maximum temperatures in the study area have significantly increased since 1950, 

whereas spring rainfall has decreased in the same period (Figure 2). The lowest DRI values 

were observed in 1994, 1995, 1999 and 2005, and corresponded to years characterized by 

severe droughts.  
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Figure 2. Regional trends of mean annual maximum temperature, spring precipitation and annual drought index 

(DRI) during the 1950-2006 period. Lower (higher) DRI values correspond to higher (lower) water deficit. The 

linear regression shows the significant warming trend in the study area. Negative (positive) values of the drought 

index indicate higher (lower) water deficit. The regional climatic data are based on a regional mean calculated 

using data from CRU database. 
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BAIs of both species showed similar trends and sharp reductions in both study areas 

corresponding to years with low DRI values, i.e. 1995, 1999 and 2005 (Figure 3). We also 

noted a greater divergence in BAI patterns between P. halepensis with different defoliation 

degree in Filabres and, to a lower degree, in Baza. Contrastingly, no BAI divergence was 

noted for P. pinaster according to the trees’ defoliation, despite this species showed the highest 

defoliation degree in the xeric area (Filabres). 
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Figure 3. Recent trends in basal area increment (BAI) of the two pine species studied in the Filabres and Baza 

study areas according to the crown defoliation of trees. Trees were classified as healthy with low defoliation (H, 

white symbols, defoliation < 25%) or declining with high defoliation (D, black symbols, defoliation ≥ 25%). The 

grey line corresponds to the annual drought index (DRI) with negative (positive) values indicating highest (lower) 

water deficit. Note the severe droughts in 1994-1995 and 1999 (low DRI values). Bars correspond to the 

standard error.  

 

Mean tree-ring widths in the period 1980-2006 significantly (P < 0.05) differed 

between vigour classes for P. halepensis in both study areas, being higher for trees with low 

defoliation degree (Table 2). In the xeric Filabres area, more defoliated P. halepensis trees 

had a higher mean sensitivity and first-order autocorrelation than less defoliated trees (Table 

2).  
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Table 2. Dendrochronological statistics of the radial growth series for trees with low (H, healthy trees; defoliation 

< 25%) or high defoliation (D, declining trees; defoliation ≥ 25%) considering the two pine species (Ph, P. 

halepensis; Pp, P. pinaster) in the Baza (B) and Filabres (F) study areas. Values are means ± SE. Different letters 

indicate significant (P < 0.05) differences between defoliation classes within areas (Mann-Whitney U test). 

 

Study area – 

species 

Tree-ring width 1 

(mm) 
MS 2 AR1 

 H D H D H D 

F – Ph 2.5 ± 0.3
a
 1.8 ± 0.2

b
 0.35 ± 0.02

a
 0.44 ± 0.01

b
 0.50 ± 0.07

a
 0.70 ± 0.04

b
 

B – Ph 1.9 ± 0.2
a
 1.6 ± 0.2

b
 0.40 ± 0.02 0.41 ± 0.02 0.44 ± 0.04 0.47 ± 0.06 

F – Pp 2.4 ± 0.3 2.0 ± 0.3 0.35 ± 0.02 0.38 ± 0.01 0.73 ± 0.03 0.75 ± 0.05 

B – Pp 2.2 ± 0.2 2.1 ± 0.2 0.42 ± 0.01 0.44 ± 0.02 0.47 ± 0.04 0.54 ± 0.03 

1The tree-ring width was calculated for the period 1980-2006. 
2Variables’ abbreviations: MS: mean sensitivity of residual chronologies; AR1, first-order autocorrelation of standard 
chronologies. The annual MS measures the relative difference of indexed tree-ring width from one year to the next, and it is 
calculated by dividing the absolute value of the differences between each pair of ring-width indices by the mean of the 
paired index (Fritts, 1976). 

 

 

We found significant positive (negative) relationships between growth and precipitations 

(temperatures) of May and June for both pine species (Figure 4). In Filabres, the growth of 

both pines was also related positively to the rainfall of January and March, whereas 

precipitation in the previous September also favored growth. 

Overall, in the xeric area (Filabres), the more defoliated trees of both species showed a 

stronger negative (positive) association with monthly maximum temperatures in summer 

(precipitation in winter and spring) than less defoliated individuals. In this area, the 

temperatures of June and July showed negative relationships with growth of P. halepensis trees 

with low or high defoliation levels, respectively (Figure 4). Despite the stronger negative 

growth-temperature associations of defoliated trees in the xeric area, the mean relationship 

with annual maximum temperature was more negative for less defoliated than for more 

defoliated P. halepensis trees (Table 3). Finally, the basal area increment of P. halepensis after 

1995 was consistently and negatively related to current defoliation in the xeric area (Filabres) 

but not in the mesic area (Baza) (This was analyzed in SPSS v.15 software (SPSS Inc., Chicago 

IL)) (Figure 5). 
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Figure 4. Relationships between radial growth (ring-width indices) and monthly climatic variables (T, mean 

temperature –black bars; P, total precipitation –white bars; Tmx, mean maximum temperature –grey dashed 

lines) for the two studied pine species in the Filabres and Baza study areas considering separately trees with low 

(H, healthy trees; defoliation < 25%) or high defoliation (D, declining trees; defoliation ≥ 25%). Growth is 

related with climate data from the previous (months abbreviated by lowercase letters) and current (months 

abbreviated by uppercase letters) years, being the current year that of tree-ring formation. The significance 

levels (P < 0.05) are indicated by dashed horizontal lines.  
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Table 3. Comparisons of climate-growth relationships (r, Pearson correlations) between radial growth (ring-width 

index) and the mean annual maximum temperature for the two studied pine species in the xeric Filabres study 

area. The correlations (means ± SE) were compared between trees with low (H, healthy trees; defoliation < 25%) 

or high defoliation (D, declining trees; defoliation ≥ 25%) of each species using one-way ANOVAs.  

 

Species Defoliation r  F P 

P. halepensis 
H -0.13 ± 0.03 

4.2 0.05 
D -0.09 ± 0.01 

P. pinaster 
H -0.07 ± 0.04 

4.5 0.04 
D -0.20 ± 0.04 
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Figure 5. Relationships between annual basal area increment (BAI) values and current defoliation degree for P. 

halepensis in each study area. Filled symbols are significant correlation coefficients (P < 0.05). The dashed vertical 

lines indicate sharp changes in the BAI-defoliation associations after the severe droughts in 1994-1995 and 

1999.  

 

4 Discussion  

 On the whole, the climate-growth associations found for P. pinaster and P. halepensis 

were similar to those found in other Iberian forests under Mediterranean climatic conditions 

(Bogino and Bravo, 2008; De Luis et al. 2009a,b; Vieira et al. 2009). Nevertheless, pine 

plantations of both Mediterranean pine species (P. pinaster, P. halepensis) in south-eastern 

Spanish mountains are undergoing acute processes of growth decline and forest dieback, 

despite they are theoretically better adapted to withstand drought than boreal species as P. 

sylvestris (Richardson, 1998). This apparently drought-induced decline is characterized by a 

sharp reduction in basal area increment and high levels of needle loss. The high sensitivity of 
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growth of defoliated trees to precipitation and maximum temperatures suggest that their 

growth decline and subsequent needle loss were caused by warming-incited drought stress. 

Specifically, warming-induced water deficit in spring seems to be the main climatic trigger for 

similar drought-induced growth declines in other Iberian forests (Martínez-Vilalta and Piñol, 

2002; Camarero et al. 2004). The fact that growth of P. halepensis trees with low and high 

defoliation levels responded negatively to June and July temperatures, respectively, suggests 

that individuals with different vulnerability to drought stress could have different radial-growth 

phenology. Further studies should evaluate xylogenesis in co-occurring individuals of the same 

species with different defoliation degree to test this hypothesis. 

P. pinaster showed higher defoliation degree in the xeric than in the mesic area, which 

reflects its greater vulnerability to episodes of drought-induced xylem embolism and needle 

loss in comparison with P. halepensis (Martínez-Vilalta et al. 2004). Although P. pinaster is 

regarded as being native to Sierra de los Filabres (García Latorre and Garcia Latorre, 

2007), afforestations were mostly performed in low quality sites, suggesting that growth 

responses to climatic stress can be tightly conditioned by local site conditions (Tardif et al. 

2003, Bogino and Bravo, 2008). Indeed, the negative effects of drought stress on tree growth 

are greatly modulated by local factors as topography (Linares and Tíscar, 2010). On the 

other hand, P. halepensis seems to be better adapted to the semi-arid conditions of this area, 

as the moderate defoliation levels and the sustained growth patterns of healthy trees 

indicated. The responses of growth to climate in P. pinaster and P. halepensis are age- and 

size-dependent (De Luis et al. 2009b; Vieira et al. 2009), but these factors were not relevant 

in our case since all trees were of similar age and size. Therefore, neither age nor size seems 

to be among the main causes of the differential response of growth and defoliation to drought 

stress in our study case. 

The divergence of radial growth after extreme droughts was observed in P. halepensis, 

being more evident in the xeric than in the mesic site, but this was not noted in P. pinaster. 

Although a high degree of defoliation and mortality were observed since 2001 in Filabres 

(Navarro-Cerrillo et al. 2007), growth divergence and a negative association between basal-

area increment and the degree of defoliation was evident in P. halepensis since the severe 

droughts of 1994-1995. Such findings suggest a lagged response of needle loss to drought 

stress and growth decline, which in our study may have lasted from 1995 (first sharp reduction 

in basal-area increment) to 2002 (defoliation), i.e. 7 years. The lagged responses to climatic 

stress of growth decline and defoliation greatly complicate the disentangling of the cause-

effect relationships in episodes of forest dieback (Pedersen, 1999; Dobbertin, 2005). 

The increased climate variability associated with the current climate change (Manrique 

and Fernández-Cancio, 2000) could lead to growth decline in Iberian pine species (Andreu et 
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al. 2007). Such decline may be linked to the described dieback episodes in marginal 

plantations under severe drought stress and with a high year-to-year variability in 

precipitation. Rainfall variability was responsible of the sharp growth declines in 1994-1995 

and 1999, but also caused high basal-area increment in wet years (e.g., 1992, 1997) when 

radial growth of P. pinaster was similar in both study sites. Furthermore, more research is 

required to unravel the relative contributions of long- (e.g., temperature rise) and short-term 

(e.g., droughts) climatic stressors on growth decline. 

Precipitation in April-June influenced positively radial growth, whereas mean 

temperature in March-July had a negative effect on wood formation. In the xeric area 

(Filabres), water availability in late spring and early summer seems to be a major driver for 

tree growth since maximum radial growth rates of both pines occur in this time (De Luis et al. 

2007; Bogino and Bravo, 2008; Camarero et al. 2010). Specifically, P. halepensis trees with 

low defoliation increased growth after the 1999 drought meanwhile P. pinaster maintained 

low growth rates after this drought regardless of their defoliation degree. This could be 

explained by a lower adaptation to drought resistance of P. pinaster, in particular in the xeric 

area. A difference between both study areas is the greater positive influence of February 

temperatures on P. halepensis growth in Baza than in Filabres, which suggests a greater 

thermal limitation to growth in Baza than in Filabres.  

The observed defoliation and decline in radial growth of P. halepensis and P. pinaster 

plantations was strongly linked to drought stress in spring. Even if P. pinaster is less tolerant to 

drought stress than the co-occurring P. halepensis, we suggest that the specific responses of 

growth were conditioned by contrasting climatic conditions and local variability in soil water 

holding capacity. Therefore, xeric areas and sites with low water holding capacity, such as 

south-facing slopes on limestone substrate, may predispose pines to drought-induced decline, 

as was the case of declining P. pinaster stands.  

The severe droughts of 1994-1995 and 1999 induced a decline in radial growth and 

the selective defoliation of Aleppo and Maritime pine plantations through a reduction in spring 

water availability. We found a divergence of radial growth between trees currently showing 

different defoliation levels for P. halepensis in the more xeric area (Filabres) where basal-area 

increment and recent defoliation were negatively related. Contrastingly, P. pinaster showed a 

growth reduction irrespective of the trees’ defoliation level which suggests that this species is 

less adapted to the increasingly arid conditions of the study areas than P. halepensis. 
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Selective drought-induced decline of pine species in southeastern Spain 

 

 

Abstract 

The negative impacts of severe drought on the growth and vigour of tree species and their 

relationship with forest decline have not been properly evaluated taking into account the 

differential responses to such stress of trees, sites and species. We evaluated these responses 

by quantifying the changes in radial growth of plantations of four pine species (Pinus sylvestris, 

Pinus nigra, Pinus pinaster, Pinus halepensis) which showed distinct decline and defoliation levels 

in southeastern Spain. We used dendrochronological methods, defoliation records, linear 

mixed models of basal area increment and dynamic factor analysis to quantify the responses 

of trees at the species and individual scales to site conditions and drought stress. In the region 

a temperature rise and a decrease in spring precipitation have led to drier conditions during 

the late twentieth century characterized by severe droughts in the 1990s and 2000s. As 

expected, the defoliation levels and the reductions in basal area increment were higher in 

those species more vulnerable to drought-induced xylem embolism (P. sylvestris) than in those 

more resistant (P. halepensis). Species adapted to xeric conditions but with high growth rates, 

such as P. pinaster, were also vulnerable to drought-induced decline. The reduction in basal 

area increment and the defoliation events occurred after consecutive severe droughts. A 

decrease in spring precipitation, which is the main driver of radial growth, is the most plausible 

cause of recent forest decline. The sharp growth reduction and widespread defoliation of the 

most affected pine plantations of Scots pine make their future persistence in drought-prone 

sites unlikely under the forecasted warmer and drier conditions. 

 

Key words: basal area increment, dendrochronology, drought, Dynamic Factor Analysis, linear 

mixed models, Mediterranean climate, Pinus, plantation. 



Selective drought-induced decline of pine species in southeastern Spain 

70 

 

Decaimiento selectivo inducido por sequía en pinos del sureste de España 

 

 

Resumen 

Los impactos negativos de las sequías extremas en el crecimiento y vigor de las especies 

arbóreas y su relación con el decaimiento forestal no han sido adecuadamente evaluados 

teniendo en cuenta las respuestas diferenciales al estrés entre árboles, localidades y especies. 

Se evaluaron estas respuestas mediante la cuantificación de los cambios en el crecimiento 

radial en repoblaciones de cuatro especies de pino (Pinus sylvestris, Pinus nigra, Pinus pinaster, 

Pinus halepensis) que mostraron diferentes defoliaciones y estados de decaimiento en el sureste 

de España. Se usaron métodos dendrocronológicos, datos de defoliación, modelos lineales 

mixtos de incremento de área basal y el análisis de factor dinámico para cuantificar las 

respuestas de los árboles a escala de especie y árbol, a las condiciones del sitio y la sequía. 

En esta región un aumento de temperatura y una disminución en las precipitaciones de 

primavera han dado lugar a unas condiciones más secas durante finales del siglo XX, que se 

caracterizó por sequías extremas en los años 1990s y 2000s. Como se esperaba, los niveles 

de defoliación y las reducciones en el incremento de área basal fue mayor en las especies 

más vulnerables a la embolia xilemática provocada por la sequía (P. sylvestris) que en las más 

resistentes (P. halepensis). Las especies adaptadas a condiciones xéricas, pero con altas tasas 

de crecimiento, tales como P. pinaster, también fueron vulnerables al decaimiento inducido por 

sequía. La reducción en el incremento de área basal y los eventos de defoliación se 

produjeron después de varias sequías extremas consecutivas. La disminución en la 

precipitación de primavera, que es el principal factor del crecimiento radial, es la causa más 

probable del reciente decaimiento forestal. La notable reducción del crecimiento y la 

defoliación generalizada de las repoblaciones más afectadas de pino silvestre cuestionan su 

posible persistencia en el futuro en aquellas zonas más propensas a las sequías según las 

condiciones más cálidas y secas pronosticadas. 

 

Palabras clave: incremento de área basal, dendrocronología, sequía, Análisis factorial 

dinámico, modelos mixtos lineales, clima Mediterráneo, Pinus, plantaciones. 
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1 Introduction 

Climate warming may increase the frequency and magnitude of extreme climatic events 

such as droughts (Frich et al. 2002). A higher frequency of severe droughts will negatively 

affect tree growth and vigour in sites where productivity is strongly limited by water 

availability (Boisvenue and Running, 2006). Warming-induced forest decline in drought-prone 

sites is usually linked to defoliation and selective mortality of dominant overstory trees of some 

species (McDowell et al. 2008). Indeed, negative impacts of drought stress on growth of 

vulnerable tree species have been documented in drought-stressed areas with pronounced 

water deficit such as the Mediterranean Basin (Peñuelas et al. 2001; Galiano et al. 2010; 

Sarris et al. 2007, 2010). Episodes of sudden growth decline have also been detected near 

the southern range edge of the distributional range of tree species (Martínez-Vilalta et al. 

2002; Camarero et al. 2004; Jump et al. 2006). The abundance of cases of similar drought-

induced forest decline and mortality episodes has led to consider them a worldwide 

phenomenon linked to global warming (Allen et al. 2010). 

Trends in radial growth of trees have been widely used to evaluate how the vigour of 

trees changes in response to climatic stressors as drought (Pedersen, 1998). Hence, 

dendrochronological methods have been employed to assess the effects of drought stress on 

forest decline and tree defoliation (Dobbertin, 2005). Temporal variability of tree-ring width 

has been regarded as a proxy of growth changes in response to water deficit, based on the 

general assumption that climate-growth relationships remain constant over time (Fritts, 1976). 

This assumption has been questioned by studies showing climate-growth relationships that vary 

through time and therefore depend on tree and species characteristics; i.e. tree size and 

growth rate or tree species’ vulnerability against drought stress (Szeicz and MacDonald, 1994; 

Tardif et al. 2003; Linares et al. 2010a). However, few studies have evaluated how growth 

and vigour respond to drought stress taking into account the main sources of variability in these 

response variables, i.e., tree (size, age, growth rate, genotype) and species (vulnerability 

against drought stress, adaptive capacity) characteristics (but see Orwig and Abrams, 1997). 

Climatic warming is negatively influencing growth and vigour of Mediterranean pine 

species, triggering decline episodes, especially affecting more those species that are highly 

sensitive to drought stress (Martinez-Vilalta and Piñol, 2002; Camarero et al. 2004.; Andreu 

et al. 2007). Mountain coniferous forests in southeastern Spain might be some of the most 

vulnerable woodlands to climate-induced forest dieback (Linares et al. 2009). First, many of 

these forests are located in sites with low soil water-holding capacity (Vanderlinden et al. 

2005). Second, climatic trends in the twentieth century indicate a notable reduction in water 
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availability in this area. For example, precipitation has decreased there since 1950 at a mean 

rate of -50 mm per decade (De Luis et al. 2009a).  

Additionally, climatic stressors are interacting with historical land-use changes that have 

shaped the current structure of forests in the Mediterranean Europe (Grove and Rackham, 

2001). Traditional land uses (logging, grazing) of rural populations caused deforestation that 

motivated governmental planting of massive stands of pine in many marginal areas, as was 

the case in southeastern Spain during the 1950s (Pemán and Navarro-Cerrillo, 1998). Pine 

plantations have allowed trees growing well beyond the natural southern “xeric” edge of their 

range thus providing valuable long-term field experiments. Plantations potentially monitor 

effects of drought stress on tree growth and vigour better than natural forests since the former 

are structurally and genetically less variable, grow on more homogeneous site conditions, and 

are subjected to fewer disturbances than the latter (Helama et al. 2008).  

We quantified the effects of drought on tree growth and vigour of four pine species with 

contrasting vulnerability against drought stress in plantations located in southern Spain. We 

used recent defoliation as a reliable indicator of tree vigour following Dobbertin (2005). In the 

study area, decline symptoms (defoliation, mortality) were first observed in plantations of 

those species most vulnerable to drought-induced xylem embolism (Scots pine, Pinus sylvestris 

L.; see Martínez-Vilalta et al. 2004) since the mid 1990s (Navarro-Cerrillo et al. 2007). This 

observation raises the hypothesis that the decline episode might be species-specific, affecting 

selectively pine species as a function of their vulnerability against drought stress. We 

hypothesize that P. sylvestris and P. halepensis will be the most and less adversely affected 

species, in terms of growth and defoliation, in response to drought stress. Therefore, our aims 

were: (i) to assess the effects of drought stress on recent growth and vigour (using defoliation 

as a surrogate of tree vigour) in plantations of four pine species (P. sylvestris, P. nigra, P. 

pinaster, P. halepensis) along an ecological gradient encompassing sites with contrasting climatic 

conditions and defoliation levels, and (ii) to evaluate if the growth reduction and defoliation 

level have affected more species more vulnerable to drought stress (e.g., P. sylvestris) than 

species more resistant to water deficit (e.g., P. halepensis). We used climatic data, 

dendrochronology, defoliation field records and mixed models to quantify growth and vigour 

responses of pine species to drought stress. 
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2 Material and methods 

2.1 Study area  

The study area is located in Southeastern Spain (Andalusia) and includes two 

mountainous systems: Sierra de Baza (37º 13’ N, 2º 32’ W, elevation range 845-2270 m 

a.s.l.) and Sierra de Los Filabres (37º 22’ N, 2º 50’ W, 600-2186 m) (Figure 1). The area is 

characterized by continental Mediterranean climatic conditions, with a pronounced water 

deficit from June through September and maximum precipitation in spring (March, April) and 

autumn (October, November) (Table 1 and Figure 2). In the area, slopes are steep (>35%). 

The dominant geological substrates are schists and quartzites (LUCDEME, 2004; Navarro-

Cerrillo et al. 2007).  

 

Figure 1. Location of the study sites (triangles and circles) and related meteorological stations (squares) used to 

derive the regional climatic series. The two-letters codes for each station are the same as in Table 1. The inset 

shows the location of the study area in southeastern Spain. 
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Station (code) UTMY 

(m) 

UTMY 

(m) 

Elevation (m) Distance to closest sampled site 

(km) 

Precipitation 

period 

Annual 

precipitation 

(mm) 

Missing 

values (%) 

Temperature 

period 

Mean annual 

temperature 

(ºC) 

Missing values (%) 

Abrucena (AB) 519233 4115300 1100 22.7 1962-2007 236 18.5 1901-2002 13.2 − 

Alcontar (AL) 536913 4132000 954 12.5 1961-2007 305 12.4 − − − 

Bacares (BC) 548779 4122816 1200 7.7 1901-2002 340 − 1950-2002 12.4 − 

Bayarque (BY) 550212 4130220 816 13.3 1965-2007 393 21 − − − 

Baza (BZ) 519152 4150432 860 15.8 1989-2007 352 5.7 1989-2007 13.2 7.5 

Baza Inst.(BI) 520630 4148586 860 16 1940-1999 370 − 1940-1999 13.7 − 

Baza Nar.(BN) 511799 4141173 1380 6.6 1940-1999 519 − 1940-1999 11.5 − 

Baza Ver.(BV) 519152 4150432 920 17.3 1940-1999 351 − 1940-1999 14.4 − 

Benitagla (BT) 568010 4121100 942 26.7 1911-2002 430 − 1909-2002 14 − 

Calar Alto (CA) 539927 4119071 2168 1 2001-2007 − − 1997-2007 6.8 6.8 

Caniles (CN) 525067 4143051 911 13.6 1956-2007 312 2.3 1940-1999 14.5 − 

Caniles Fr (CF) 525106 4130108 1260 8 1911-2002 370 − 1901-2002 11.8 − 

Charches (CH) 508863 4128226 1773 21.3 1988-2007 382 10 − − − 

El Higueral(EH) 545741 4137591 885 17.5 1961-2007 333 19.3 − − − 

Fiñana (FI) 514798 4113442 960 27.3 1965-2007 274 14.3 2000-2007 15.2 0 

Freila Neg. (FN) 502945 4155957 650 25.3 1940-1999 280 − 1940-1999 15.1 − 

Gor (GO) 502952 4135618 1238 12 1940-2007 415 5.1 1940-1999 12.8 − 

Gor P. (GP) 505898 4143015 1155 13.1 1992-2007 303 7.3 − − − 

Gorape (GR) 496864 4146740 855 22.2 1940-1999 302 − 1940-1999 14.6 − 

Guadix Co (GC) 486691 4118986 1135 32 1940-1999 400 − 1940-1999 13.3 − 

Guadix Inst.(GI) 488183 4128229 905 28.6 1940-2004 307 7 1940-2005 14.1 10.7 

Guadix Ol (GL) 500000 4148561 817 20.8 1940-1999 308 − 1940-1999 14.6 − 

Hueneja (HU) 505919 4113431 1166 36 1940-1999 430 − 1940-1999 12.7 − 

Los Santos (LS) 535475 4122749 1600 6.3 1961-2007 380 4.8 − − − 

Purchena (PU) 557584 4132117 560 19.8 1965-2007 343 10.5 − − − 

Seron (SR) 543465 4132891 850 12.3 1970-1999 314 − 1970-1999 14.5 − 

Seron Est. (SE)  539226 4142605 800 19.4 1970-2007 278 27.4 1970-1992 14.4 8.3 

Tíjola (TI) 550201 4132069 738 14.4 1963-2007 285 10.5 2001-2007 14.6 9.5 

Zujar Ca (ZC) 514726 4154121 761 20.5 1940-1999 303 − 1940-1999 14.7 − 

Zujar Jun (ZJ) 516188 4159671 620 25.8 1940-1999 309 − 1940-1999 15.2 − 

 
Table 1. Characteristics of the meteorological stations used to derive the regional mean for the study area. Stations’ codes are as in Figure 1. Missing data were interpolated 

using linear regressions based on the closest stations with available data (see Fernández-Cancio and Manrique-Menéndez 1997, Nueva metodología para la reconstrucción 

dendroclimática y aplicaciones más importantes. INIA, Madrid, Spain). 
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Figure 2. Climatic diagram of the study area 

 

 

2.2 Study species  

We studied four pine species, including one pine with Eurosiberian distribution (Pinus 

sylvestris L.) and three Circum-Mediterranean pines (Pinus nigra Arn., P. pinaster Ait. P. 

halepensis Mill.). P. sylvestris is one of the trees with the widest distribution areas, ranging from 

Siberia to southern Spain, where it is restricted to cool microsites in the mountains, whereas the 

other species reach their southern European distribution limits in the study area (Richardson, 

1998). In nearby mountains from Andalusia, relict populations of P. sylvestris and P. nigra 

persist in high-elevation sites, whereas natural stands of the other two species are abundant in 

low-elevation sites under semi-arid conditions (mainly P. halepensis). In Spain, the studied pine 

species occur on both basic and acid soils excepting P. pinaster, which is more abundant in sites 

with acid substrates. Natural stands of P. sylvestris and P. nigra are usually restricted to colder, 

northern-oriented, high-elevations sites (1500-2270 m) whereas P. pinaster and P. halepensis 

are more abundant at low elevation (600-1700 m) in warmer and more xeric southern-

oriented slopes. The studied pine plantations were planted in the 1970s using seeds from 

South and Central Spain, and afterwards they were managed through selective thinning, that 

involved harvesting dominant trees while retaining trees for future natural seeding (Montero, 

1997) (Figure 3).  
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Figure 3. Historical pine plantations in the study area (Filabres; a, 1962; b, 2001; Montero et al. 2007) and (c) 

recent decline of a P. sylvestris stand with abundant defoliated and dead trees in 2006 (Navarro-Cerrillo et al. 

2007). 
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2.3 Field sampling 

We sampled 348 trees following a stratified sampling according to the altitudinal 

gradient of the study area; taking into account the surface occupied by each pine species and 

its recent defoliation levels (Table 2). We sampled at least one stand within each 1-km2 grid in 

the study area. Sampled stands in those grids with multiple stands were randomly selected. 

More stands in grids with more defoliated trees of the most affected species were sampled 

because we were mainly interested in discerning the causes of decline. For each tree, we 

measured geographical (location) and topographical variables (elevation, slope, aspect) and 

its size (dbh, diameter at 1.3 m; crown height). The estimated age (number of rings counted in 

wood samples taken at 1.3 m) of sampled trees ranged from 25 to 33 years. The ICP 

(International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects 

on Forests) monitoring methodology was used for the visual assessment of crown density and 

transparency (UN/ECE, 1994) since it has been used in similar decline studies in Europe (see 

for example Heikkilä et al. 2002). Percent crown defoliation was assessed visually by the first 

author because estimates of defoliation vary among observers. Since these estimates may also 

vary among sites we used as a reference a tree with the maximum amount of foliage at each 

location. In this study, a tree was regarded as declining if its crown showed a needle loss 

greater than 50%. Two defoliation classes were distinguished: trees with low (defoliation < 

50%) and high defoliation levels (defoliation ≥ 50%). We acknowledge the fact that pine 

needles are not immediately shed after droughts but turn brown, desiccate and may stay on 

the branches until they experience a strong mechanical force (rain, wind, etc). However, we 

assumed that current levels of defoliation (needle loss) were linked to the severity of recent 

droughts and to recent levels of brown and desiccated needles in the crowns of affected trees 

(Dobbertin, 2005). Such assumption is supported by physiological data since stomatal 

conductance and water potential was significantly lower in defoliated than in non-defoliated 

trees in P. nigra and P. sylvestris (Hernández-Clemente et al. 2011).  
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Table 2. Description of the trees sampled. Values are means ± SE. Different letters indicate significant (P<0.05) 

differences between species (Mann-Whitney U test). 

 

Species No. 

trees 

Dbh  

(cm) 

Height  

(m) 

Defoliation 

(%)* 

Density  

(trees ha
-1

) 

Basal area 

(m
2 
ha

-1
) 

P. sylvestris 110 16.1 ± 0.5 7.1 ± 0.6 40.5 ± 2.4
c
 1054.9 ± 81.4

b
 12.2 ± 1.2

b
 

P. nigra 120 15.9 ± 0.4 7.4 ± 0.2 34.0 ± 2.1
b
 964.4 ± 47.0

b
 11.9 ± 1.1

b
 

P. pinaster 64 16.7 ± 0.6 6.4 ± 0.2 35.4 ± 4.4
b
 715.3 ± 51.5

b
 13.0 ± 1.2

b
 

P. halepensis 54 16.1 ± 0.9 6.5 ± 0.4 22.2 ± 3.3
a
 646.8 ± 53.0

a
 6.5 ± 0.8

a
 

* Crown defoliation was estimated for felled trees. 

 

 

2.4 Climate data 

We used two climate datasets at different spatial scales for different purposes: (1) to 

quantify climatic trends of selected variables (maximum temperature, annual and seasonal 

precipitation, drought severity) during the twentieth century in the study area and (2) to derive 

climatic data based on local meteorological stations for assessing climate-growth relationships 

during the second half of the 20th century and the early 21st century.  

First, we used gridded (0.5º resolution) monthly climatic data (mean temperature, total 

precipitation) for the study area (latitude 37º 00’-37º 30’ N, longitude 2º 30’-3º 00’ W) and 

considering the period 1900-2006 based on the dataset CRU TS 3.0 (Mitchell and Jones, 

2005). This dataset is based on data of instrumental records from a worldwide dense network 

of meteorological stations, which have been subjected to homogeneity tests and relative 

adjustments, and finally gridded onto a 0.5º network (Mitchell and Jones, 2005). In addition, a 

long-term series of drought severity based on the annual self-calibrating Palmer Drought 

Severity Index (scPDSI) was derived from these data. The scPDSI shows more negative values 

in years with more severe drought (Wells et al. 2004). 

Second, we obtained a local climatic dataset (period 1948-2006) of monthly climatic 

data (mean temperature, total precipitation) for the study area using data from 30 

meteorological stations (Figure 1 and Table 1). The local climatic series were checked for 

homogeneity and combined using the HOM and MET subroutines, respectively, of the 

Dendrochronology Program Library (Holmes, 2001). Finally, we calculated a drought index 

(DRI, in mm) using monthly mean temperatures and precipitation sums for the entire study area 

based on local data (Bigler et al. 2006). The DRI index was defined as the difference 

between the accumulated precipitation and the estimated potential evapotranspiration from 

August of the previous year until September of the year of tree-ring formation, since water 
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availability during this 14-month period determines radial-growth of the studied pine species 

in similar dry sites (Gutiérrez, 1989; Richter et al. 1991). 

 

2.5 Dendrochronological methods 

We took a wood section at 1.3 m from each tree. In each wood section, two radii 

located perpendicular to the maximum slope and in opposite directions were selected for 

cross-dating and measuring. The sections were dried and polished using sand-paper of a 

progressively finer grain until tree-rings were clearly visible and then scanned at 3200 dpi 

using an Epson Perfection V750 Pro scanner© (Seiko Epson Corp., Nagano, Japan). Then, the 

samples were visually cross-dated using characteristic narrow tree-rings (1994, 2005) 

(Yamaguchi, 1991). We cross-dated and measured growth in 268 (536) trees (radii). Tree-

ring, earlywood and latewood widths were measured to the nearest 0.01 mm along the two 

radii of each section using WinDendro© (Regents Instruments, Quebec, Canada). Cross-dating 

quality was checked using COFECHA (Holmes, 1983; Grissino-Mayer, 2001). 

Dendrochronological statistics (first-order autocorrelation, mean sensitivity, mean correlation of 

all series with the site mean chronology) were also calculated to compare radial-growth 

variability among sites and species (Fritts, 1976).  

To quantify the climate-growth relationships, tree-ring width chronologies were 

standardized by using the program ARSTAN (Cook, 1985). Tree-ring widths were converted 

into indices by dividing observed values by expected values estimated using negative linear 

regressions. Autoregressive modelling was performed to remove the first-order temporal 

autocorrelation. Finally, a biweight robust mean was computed to average the standardized 

individual series and to produce residual chronologies of tree-ring, earlywood and latewood 

width. Several descriptive statistics were calculated for the common interval 1978-2006 (Fritts, 

1976) from the raw tree-ring widths (AR1), and the residual site chronologies (MS, rbt): AR1 is 

the first-order autocorrelation, a measure of the year-to-year growth similarity; MS is the 

mean sensitivity which measures the year-to-year variability in width of consecutive tree rings; 

and rbt is the mean between-trees correlation which quantifies the similarity in growth among 

trees. The chronology segment with expressed population signal (EPS) values higher than 0.85 

was regarded as reliable and used in further climate-growth analyses, being EPS a measure 

of the statistical quality of the mean site chronology as compared with a perfect infinitely 

replicated chronology (Wigley et al. 1984). 

We related the species’ chronologies of indexed tree-ring, earlywood and latewood 

widths to monthly climate data (mean temperature and total precipitation, period 1948-2006) 



Selective drought-induced decline of pine species in southeastern Spain 

80 

 

using correlation (Pearson r) and response functions. Response function coefficients were based 

on bootstrapped stepwise multiple regressions computed on the principal components of 

climatic variables (Fritts, 1976). The bootstrapped response function provides a robust 

approach to test the significance of the regression coefficients within a specific time period. 

Mean regression coefficients were regarded as significant (P < 0.05) if they were at least 

twice their standard deviation after 999 bootstrapped iterations. Climate-growth relationships 

were analyzed from August of the previous year to September of the year of tree-ring 

formation based on previous studies (Richter et al. 1991). Correlation and bootstrap response 

functions were calculated using the program Dendroclim2002 (Biondi and Waikul, 2004).  

 

2.6 Linear mixed models of basal area increment  

We used linear mixed models (LMM) to assess the effects of species, degree of 

defoliation, tree size (dbh, crown height) and climatic variables on basal area increment in the 

four pine species. Mean ring-width and basal area increment data for each individual tree of 

the four pine species were obtained by averaging the annual values of the 536 radii. The 

conversion of tree-ring width into basal area increment (hereafter abbreviated as BAI), which 

overcomes the problem of declining growth in bigger trees, was done using the formula: 

BAI = π (R2
t – R2

t-1)     (1) 

where R is the radius of the tree and t is the year of tree-ring formation. Because any 

measurement of tree growth, including BAI, varies with tree size and age, we first modeled 

specific changes in BAI as a function of tree diameter. We focused on BAI trends for the period 

1990-2006, when trees have surpassed their early BAI release phase. We quantified the 

relative reduction in BAI of the four species, considering separately trees with defoliation lower 

or higher than 50 %, caused by selected severe droughts (1994-1995, 1999 and 2005). We 

followed a similar approach to that applied in dendrochronological studies to calculate mean 

sensitivity, i.e., the ratio between the absolute value of the differences between each pair of 

ring-width indices by the mean of the paired index (Fritts, 1976). Such assessment emphasizes 

more how intensive the effects of droughts are on growth than the duration of droughts. Thus, 

we calculated the relative BAI reduction (BAIred) as follows:  

BAIred = 100 (BAID – BAID-1)  / ((BAID + BAID-1) / 2)  (2) 

where BAID and BAID-1 are the BAI values for the drought year and the previous one. In all 

cases BAID was lower than BAID-1. In the case of the consecutive droughts in 1994 and 1995 

the BAID value was considered as the mean BAI value for those two years. 
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We built linear mixed models for each pine species considering the effects of fixed 

(time, dbh, crown height, climatic variables) and random (tree) factors on BAI. The distribution 

of BAI was skewed so it was log-transformed, and BAI values were also tested for 

autocorrelation, which was significant up to lags of 1-2 years. Since annual temperature, which 

was one of the main predictors in the model, showed a similar autocorrelation pattern, we 

retained raw BAI data. First, BAI was modeled as a function of time for each specie and 

defoliation. Second, we introduced tree size variables one by one as fixed factors to contrast 

the individual contribution of each of these variables to BAI variability. Lastly, we explored the 

influence of climatic variables (mean maximum and minimum annual temperature; total 

precipitation from the previous August up to the July of tree-ring formation precipitation; DRI, 

drought index). A final composite model was built using all fixed factors, retaining only the 

significant effects. To choose the most parsimonious model, we selected that with the lowest 

Akaike Information Criterion (AIC) (Burnham and Anderson, 2002). We also compared the 

percentage of BAI variance (R2) explained by the selected models in trees with low and high 

defoliation levels. Linear mixed models were fitted based on the Restricted Maximum 

Likelihood (REML) approach using SAS ver. 9.1.3 (Littell et al. 2006). Significance for statistical 

analyses was accepted at α = 0.05.  

 

2.7 Dynamic factor analysis 

Dynamic factor analysis (DFA) is a technique used to detect and estimate underlying 

common trends in multivariate time series (see a description of the method in Zuur et al. 2003 

and the Supporting Information). We used DFA to calculate and compare underlying common 

trends patterns in BAI data of the four pine species (Linares et al. 2010a). The mean 

normalized BAI series of all trees for the period 1978-2006, when sample size was constant, 

were obtained and modeled as linear combination of stochastic nonlinear trends. Several 

combinations of trend numbers and error covariance matrices were investigated. The optimal 

number of common trends was based on the lowest AIC values, and a symmetric error 

covariance matrix was used for the noise term. The selected models were of the type “Data = 

M common trends + noise” with M = 2. We performed a maximum number of 1500 iterations 

with a stop criterion Epsilon (difference in likelihood) set to 0.00001 (Zuur et al. 2003). DFA 

was done using the Brodgar ver. 2.6.6 software (Highland Statistics Ltd., Newburgh, UK). 

 



Selective drought-induced decline of pine species in southeastern Spain 

82 

 

3 Results 

3.1 Climatic trends  

 The main climatic trends in the study area during the twentieth century corresponded to 

a significant rise in maximum temperature and a decrease in precipitation (Figure 4). From 

1901 to 2006, we found a significant decrease of spring (r = -0.28, P = 0.004) and fall (r = 

-0.23, P = 0.02) precipitation at mean decadal rates of -6 mm and -4 mm, respectively. Such 

trends explain the increase in drought severity as indicated by the negative trend of the 

scPDSI, an index that was highly related to the DRI index (r = 0.74, P < 0.001). The most 

negative scPDSI values of the past century were observed in 1995 (-4.6), 1994 (-3.3), 2002 (-

3.2) and 2001 (-2.9), whereas the years with the greatest annual water deficit (most negative 

DRI values) during the second half of that century were 1994 (-531 mm), 1999 (-512 mm), 

2005 (-510 mm) and 1995 (-509 mm). Since 1950, the lowest water deficits (maximum 

positive DRI values) were found in 1970 (220 mm), 1978 (135 mm), 1964 (52 mm) and 1967 

(7 mm). Overall, the early 1960s (mean DRI = -147 mm) and 1970s (-121 mm) were wet 

periods and the 1990s (-336 mm) and 2000s (-334 mm, period 2000-2006) were very dry 

decades.  
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Figure 4. Climate trends in the study area (annual maximum temperature, annual and seasonal precipitation, 

drought severity) based on the interpolated CRU TS 3.0 climate database and on local climate data (drought 

index, DRI). Season abbreviations: Wi, winter; Sp, spring; Su, summer; Fa, fall. Negative values of the two 

drought indices (scPDSI, self-calibrating Palmer Drought Severity Index −black bars; DRI −symbols with lines) 

indicate greater drought stress. The regression and statistical parameters correspond to annual values for the 20th 

century. 
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3.2 Defoliation and growth patterns 

 Trees of the four studied pine species showed similar mean diameter and height, but 

mean defoliation and density were higher for P. sylvestris stands than for the other three 

species (Table 2). The less defoliated species was P. halepensis.  

 The mean BAI for the period 1978-2006 and the first-order autocorrelation of tree-

ring width series were higher in P. sylvestris and P. nigra than in the other two species, whereas 

the mean sensitivity of residual width series where higher in P. halepensis and P. pinaster than in 

the former pine species (Table 3). 

 

Table 3. Dendrochronological statistics based on growth series for the four pine species. Values are means ± SE. 

Different letters indicate significant (P<0.05) differences between species (Mann-Whitney U test). The statistics 

and mean basal area increment (BAI) were calculated for the common period 1978-2006. 

 

Species No. trees (radii) BAI (cm
2
 yr

-1
) MS

1
 AR1 rbt 

P. sylvestris 92 (184) 6.1 ± 0.3
c
 0.37 ± 0.01

a
 0.47 ± 0.02

b
 0.69 ± 0.02 

P. nigra 100 (200) 6.0 ± 0.3
c
 0.38 ± 0.01

a
 0.49 ± 0.02

b
 0.73 ± 0.04 

P. pinaster 42 (84) 5.5 ± 0.2
b
 0.43 ± 0.01

b
 0.38 ± 0.03

a
 0.75 ± 0.06 

P. halepensis 34 (68) 4.7 ± 0.2
a
 0.46 ± 0.02

b
 0.32 ± 0.06

a
 0.77 ± 0.08 

1 Abbreviations: MS: year-to-year mean sensitivity, which is a measure of the relative difference from one ring-width index to 
the next (higher MS values correspond to greater high-frequency variability) and it is calculated by dividing the absolute 
value of the differences between each pair of ring-width indices by the mean of the paired index; AR1: first-order 
autocorrelation; rbt: mean correlation of all individual tree series with the master chronology. Statistics refer to the indexed 
residual (MS, r) and standard (AR1) series of tree-ring width. 

 

 The maximum relative reduction in BAI (BAIred) was detected for defoliated P. sylvestris 

individuals, particularly in response to the 1994-1995 droughts, being significantly higher than 

in the rest of pine species (Table 4). Trees with defoliation levels below the 50% did not show 

significantly different values of BAIred among species. 
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Table 4. Relative (%) reduction in basal area increment (BAIred) caused by severe droughts (1994-1995 

−indicated as “1994”−, 1999, 2005) in the four study species considering two defoliation classes. The mean (± 

SE) BAIred for the analysed drought events is also displayed. Different letters indicate significant (P<0.05) 

differences of BAIred between species (Mann-Whitney U test). 

 

 Defoliation < 50% Defoliation ≥ 50% 

 1994 1999 2005 Mean 1994 1999 2005 Mean 

P. halepensis 36.8 43.0 25.0 34.9 ± 3.3 42.4 63.4 30.4 45.4 ± 4.6
b
 

P. pinaster 36.5 48.5 38.9 41.3 ± 3.7 40.8 53.8 39.4 44.7 ± 4.2
b
 

P. nigra 48.9 41.4 31.2 40.5 ± 4.1 56.6 49.9 35.5 47.3 ± 4.2
b
 

P. sylvestris 49.6 35.4 28.2 37.7 ± 4.3 73.3 53.1 57.6 61.3 ± 5.1
a
 

 

3.3 Climate-growth relationships 

Radial growth in the four species studied was enhanced by previous winter (January), 

late-spring (March) and early-summer (June) rainfall in the year of tree-ring formation and 

reduced with higher temperatures in June and July (Figure 5). P. sylvestris was the species 

which showed a higher sensitivity to water availability in June. Earlywood width showed similar 

responses to climate than tree-ring width whereas latewood width increased with high 

precipitation in September (Figure 6).  
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Figure 5. Relationships between radial growth (ring-width indices) and monthly local climatic data for the four 

studied pine species (T, mean temperature –black bars–; P, total precipitation –white bars–). Growth is related 

with climatic data from the previous (months abbreviated by lowercase letters) and current (months abbreviated 

by uppercase letters) years, where the current year is the year of tree-ring formation. The bars surpassing 

dashed lines and the asterisks indicate significant (P < 0.05) correlation and response coefficients, respectively. 
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Figure 6. Relationships between earlywood- and latewood indexed widths and monthly climatic data for the four 

studied pine species (T, mean temperature –black bars–; P, total precipitation –white bars). Growth variables are 

related with climatic data from the previous (months abbreviated by lowercase letters) and the current (months 

abbreviated by uppercase letters) years. Significant (P<0.05) correlation and response coefficients are indicated 

by dashed lines and asterisks, respectively. 
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3.4 Linear mixed models of basal area increment  

Basal area increment of all pine species showed similar negative and positive responses 

to years with high (e.g., 1994, 1995, 1999, 2005) and low (e.g., 1992, 1997) water deficit, 

respectively (Figure 7). However, the divergence in BAI between trees with defoliation greater 

or lower than 50% of the crown was more evident in P. sylvestris, P. nigra and P. halepensis 

than in P. pinaster. Such divergence was noticeable since the early 1980s in Scots pine, and it 

increased after 1999, whereas the growth departure between both defoliation classes started 

in the 1990s in the other pine species. 

The selected linear mixed models (P. halepensis, defoliation <50%, AIC = 91.9; 

defoliation ≥ 50%, AIC = -21.3; P. pinaster, def. <50%, AIC = -262.3; def. ≥ 50%, AIC = -

29.1; P. nigra, def. <50%, AIC = -219.4; def. ≥ 50%, AIC = -26.5; P. sylvestris, def. <50%, 

AIC = -532.2; def. ≥ 50%, AIC = -248.7) detected significant positive effects of time, tree 

diameter, precipitation and drought intensity (DRI) on BAI for all species (Table 5). The rest of 

climatic factors assessed (mean maximum and minimum temperatures) also exerted significant 

effects on BAI with the following exceptions: maximum temperature in the case of P. halepensis 

and minimum temperature in the case of P. pinaster. Lastly, crown height only showed 

significant effects on growth for severely defoliated trees of P. pinaster, P. nigra and P. 

sylvestris.  
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Table 5. Statistical parameters obtained in the mixed models for basal area increment of the four pine species considering trees with defoliation (D) below (D<50%) and 

above (D≥50%) fifty percent of the crown. 

 

Factors Estimate (SE) P value 

 
P. halepensis P. pinaster P. nigra P. sylvestris P. halepensis P. pinaster P. nigra P. sylvestris 

D<50% D≥50% D<50% D≥50% D<50% D≥50% D<50% D≥50% D<50% D≥50% D<50% D≥50% D<50% D≥50% D<50% D≥50% 

Intercept 
-0.0771 

(0.0386) 

-0.2892 

(0.0740) 

2.5508 

(0.3850) 

0.1259 

(0.0594) 

0.1084 

(0.0419) 

1.5017 

(0.3182) 

0.2471 

(0.0266) 

0.4412 

(0.0378) 
0.0052 0.0070 <.0001 0.8348 <.0001 <.0001 <.0001 <.0001 

Time 
0.0034 

(0.0004) 

0.0020 

(0.0002) 

0.0027 

(0.0014) 

0.0012 

(0.0010) 

0.0052 

(0.0020) 

0.0048 

(0.0016) 

0.0074 

(0.0021) 

0.0054 

(0.0035) 
<.0001 <.0001 0.0150 <.0001 <.0001 0.0050 <.0001 0.0060 

Dbh 
0.0300 

(0.0081) 

0.0499 

(0.0184) 

0.0455 

(0.0087) 

0.0316 

(0.0167) 

0.0503 

(0.0066) 

0.0370 

(0.0053) 

0.0577 

(0.0054) 

0.0398 

(0.0076) 
0.0002 0.0074 <.0001 0.0135 <.0001 <.0001 <.0001 0.0031 

Crown height 
0.0545 

(0.0335) 

0.0355 

(0.0073) 

0.0335 

(0.0330) 

0.0378 

(0.0487) 

0.0121 

(0.0024) 

0.0831 

(0.0257) 

0.0494 

(0.0201) 

0.0285 

(0.0023) 
0.1045 0.6307 0.3104 0.0385 0.6272 0.0013 0.1415 0.0347 

Tmax 
-0.0098 

(0.0030) 

-0.0156 

(0.0036) 

-0.1021 

(0.0188) 

-0.1101 

(0.0286) 

-0.0184 

(0.0020) 

-0.1191 

(0.0158) 

-0.0278 

(0.0133) 

-0.1270 

(0.0192) 
0.7454 0.6709 <.0001 0.0070 0.0793 <.0001 <.0001 <.0001 

Tmin 
0.0720 

(0.0364) 

0.0846 

(0.0489) 

0.0017 

(0.0249) 

0.0505 

(0.0365) 

0.0821 

(0.0205) 

0.0376 

(0.0025) 

0.0319 

(0.0175) 

0.0276 

(0.0024) 
0.0488 0.0460 0.9431 0.1682 <.0001 <.0001 0.0482 0.0265 

P 
0.0004 

(0.0002) 

0.0008 

(0.0002) 

0.0003 

(0.0001) 

0.0005 

(0.0001) 

0.0003 

(0.0001) 

0.0004 

(0.0001) 

0.0005 

(0.0001) 

0.0007 

(0.0001) 
0.0434 0.0008 <.0001 0.0076 0.0016 <.0001 <.0001 <.0001 

DRI 
0.0002 

(0.0001) 

0.0008 

(0.0001) 

0.0004 

(0.0001) 

0.0008 

(0.0001) 

0.0003 

(0.0001) 

0.0006 

(0.0002) 

0.0002 

(0.0001) 

0.0004 

(0.0001) 
<.0001 0.0441 0.0002 <.0001 0.0016 <.0001 0.0048 0.0028 

Abbreviations of variables: Tmax, mean maximum annual temperature; Tmin, mean minimum annual temperature; P, total precipitation from the previous August up to the July of tree-ring 
formation; DRI, drought index. 
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As expected, BAI increased as tree size (dbh, crown height), minimum temperatures and 

water availability (precipitation, DRI) did, whereas BAI decreased in response to higher 

maximum temperatures being this effect particularly strong in the case of highly defoliated 

trees of P. sylvestris, P. nigra and P. pinaster. On average, linear mixed models explained 76% 

and 65% of the BAI variance for trees with defoliation above or below the 50% threshold, 

respectively. The extreme values of BAI variance accounted for by models corresponded to P. 

sylvestris trees with high (43%) and low defoliation (81%) levels. More than 75% of BAI 

variance was also explained by models for low-defoliation P. halepensis trees (79%) and high-

defoliation P. pinaster individuals (76%) (Figure 7).  
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Figure 7. Observed and modeled trends of basal area increment (BAI) of the four pine species according to the 

crown defoliation and vigour of trees. Trees were grouped in two classes according to their defoliation: 

defoliation < 50 % (white symbols and grey lines) and defoliation ≥ 50 % (black symbols and black lines). The 

thick lines correspond to mixed models of BAI based for the 1990-2005 period. The vertical hatched bars 

indicate the years with the greatest annual water deficit during the second half of the 20 th century (1994, 1995, 

1999 and 2005). The scale on the right shows the annual number of measured radii for trees with defoliation 

below (continuous thin lines) and above 50% (dashed thin lines). The error bars show standard errors. 
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3.5 Dynamic Factor Analysis and trends in basal area increment  

According to the selected DFA model for all pine species (AIC = 412) we found a first 

trend of decreasing BAI which started in the mid 1990s and showed growth declines coinciding 

with droughts which occurred in 1999 and 2005 (Figure 8). The second trend of BAI presented 

a main positive trend despite also showed punctual growth reductions in the aforementioned 

dry years. 
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Figure 8. Main trends of normalized basal area increment (BAI) for the four pine species based on models 

selected using Dynamic Factor Analysis. The dashed lines show the 95% confidence intervals. The grey area 

indicates negative normalized BAI values. 

 

4 Discussion  

Pine forests in the Mediterranean Basin are likely to experience strong negative effects 

on growth associated to warming-enhanced drought stress (Lindner et al. 2010; Sarris et al. 

2010). Higher year-to-year climatic variability and increased long-term aridity may reduce 

tree growth of pine species (Macias et al. 2006; Andreu et al. 2007), but we must also assess 

how much of this growth decline is caused by the more frequent occurrence of severe droughts. 

In the study area, temperature rose and precipitation declined, particularly in spring, during 

the twentieth century. Both trends have been detected in other forests from southeastern Spain 

(Linares et al. 2009, 2010a,b) and have probably caused a long-term reduction in available 

soil water in that area with shallow and rocky soils, which overlapped with a sequence of 

severe droughts in the 1990s (1994, 1995, 1999) and 2000s (2005). Forest models should 
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investigate the long-term effects of consecutive droughts, such as those of 1994 and 1995, on 

growth and persistence of similar drought-prone sites, since the frequency of severe droughts 

has been predicted to increase in southern Europe (Lindner et al. 2010). 

The observed pine decline episode was linked to protracted drought stress in the last two 

decades. Severe consecutive droughts such as those of 1994 and 1995 plausibly caused the 

sharp decreases in basal area increment. Such sharp growth reduction was triggered by 

decreasing spring and early summer precipitation. Spring precipitation enhances radial growth 

of the four studied pine species as has been also found in other Spanish forests (Andreu et al. 

2007), in the Swiss Alps (Eilmann et al. 2009), in Norway (Solberg, 2004) and in Greece 

(Sarris et al. 2010). Most study sites were exposed to soil dryness, which was caused by a 

synergistic effect of low spring precipitation, low water holding capacity of coarse-textured 

and shallow soils, and warmer conditions. Stem growth is hampered on shallow and dry soils 

even in mesic localities (Alavi, 1996). For all studied pine species, water availability in late 

spring and early summer during the year of tree-ring formation enhanced earlywood 

formation and tree-ring growth, since maximum cambial activity of the studied pines happens 

between April and June (Camarero et al. 2010). Latewood formation was enhanced by wet 

conditions in autumn but indirect influences of earlywood growth on latewood development 

should be also taken into account (Pasho et al. 2011). 

Despite droughts reduced growth of all pine species, even those inhabiting xeric sites 

and potentially more resistant to water deficit such as P. halepensis (Sarris et al. 2010), we 

observed different specific responses to other climatic factors. Precipitation and minimum 

temperatures were linked to improved growth in the pine species occurring in high-elevation 

sites (P. nigra, P. sylvestris), indicating that cool and wet conditions stimulate growth there. 

Contrastingly, basal area increment of severely defoliated trees of these two species and P. 

pinaster responded negatively to high maximum temperatures indicating that those trees were 

also susceptible to warming-induced drought stress even if growing in the less xeric sites of the 

study area. Correlation analyses and mixed modeling comparing climate and growth data 

allowed quantifying the relative contribution of short- (e.g., droughts) and long-term (e.g., 

rising temperatures) stressors on tree growth. However, the use of annual precipitation as an 

estimate of water availability is misleading (Alavi, 1996), and this variable should be 

replaced by biologically meaningful drought indices taking into account local conditions such as 

the ability of soils to store water (Bigler et al. 2006). A challenge of future mechanistic studies 

will be to disentangle the short-term effects of droughts, such as those observed in the study 

area during the 1990s and 2000s, and the long-term negative effects of increasing maximum 

temperatures on basal area increment, defoliation and tree vigour. Our results indicate that 
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the combined effect of these factors contributed to the severe defoliation events observed in 

the study area, being particularly widespread and intense in the case of Scots pine 

plantations. This agrees with our hypothesis that P. sylvestris, the most vulnerable species to 

drought based on its hydraulic architecture and other physiological traits (Martínez-Vilalta et 

al. 2004), should show the highest needle loss and growth decline in response to warming-

related drought stress whereas P. halepensis presented the lowest defoliation degree and the 

post-drought reduction of basal area increment was minor in this species as compared with the 

former one. 

The ranking of the studied species based on their vulnerability against drought stress 

coincided with their ordination in terms of growth decline and needle loss which was highest in 

the case of P. sylvestris and lowest in the case of P. halepensis, being respectively the most and 

less vulnerable pine species. Furthermore, the poorest basal area increment model, in terms of 

variance explained, corresponded to the most defoliated individuals of Scots pine. The 

proposed arrangement is in agreement with species-specific physiological mechanisms and 

traits which could account for these differential responses. Based on data of wood anatomy 

and hydraulic conductivity, P. sylvestris and P. nigra are regarded as more vulnerable to 

drought-induced xylem embolism than P. pinaster and P. halepensis (Oliveras et al. 2003; 

Martínez-Vilalta et al. 2004; Bréda et al. 2006). Circum-Mediterranean pine species with 

certain resistance to drought-induced embolism and high growth rates, like P. pinaster, showed 

also a drought-induced reduction in basal area increment and moderate defoliation. Hence, 

cumulative water deficit may constrain growth even in species supposedly acclimated to dry 

conditions (Linares et al. 2010b). This reinforces the search of mechanistic links between 

drought-induced growth decline, defoliation and physiological responses (Sala et al. 2010). 

Despite the retrospective nature of our observations precludes the establishment of causal 

factors, it allows reconstructing effects of drought on growth in co-existing species with 

different vulnerability against water deficit and postulating hypotheses. For instance, our 

results suggest that fast-growing species or trees may show a greater predisposition to 

drought-induced decline that slow-growing ones.  

P. sylvestris is not well adapted to withstand drought stress because of its limited 

plasticity of its xylem and leaf properties, whereas P. halepensis is a drought-avoiding species 

which may decrease transpiration by rapid stomata closure (Borghetti et al. 1998; Martínez-

Vilalta et al. 2009). P. halepensis usually grows in semi-arid environments where it is exposed 

to seasonal droughts and form narrow tracheids with low hydraulic conductance leading to a 

low water use and reduced stomatal conductance (Klein et al. 2011). However, pines may 

adjust their xylem and hydraulic systems in response to local conditions by increasing the 
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diameter of tracheids while decreasing their number, which might lead to a sharp reduction in 

radial growth and thus to an impairment of water transport through the xylem (Eilmann et al. 

2009, 2011). Therefore, the combined evaluation of physiological and growth responses to 

water deficit of pine species across wide ecological gradients may represent a robust 

assessment of their vulnerability against drought stress. 

In the study area, pine species grew well in the wet early 1970s, when conditions were 

much more favorable for establishment, than in the drier and warmer mid 1990s. We detected 

a negative growth trend in basal area increment since the 1990s which supports the idea that 

droughts of the late 20th century triggered the reported decline (Navarro-Cerrillo et al. 2007). 

In addition, local site conditions (e.g., topography) may have predisposed some planted trees 

to respond more negatively to drought than others, which would explain that most defoliated 

trees were found mostly in steeper sites with shallow soils, where soil water availability is 

lowest (Navarro-Cerrillo et al. 2007). Such predisposing factors might produce persistent 

differences among trees of similar ages and also explain the positive influence of tree 

diameter and crown height on basal area increment, particularly in the case of defoliated 

trees of the species less resistant to drought-induce xylem embolism. In northeastern Spain, 

Martínez-Vilalta et al. (2008) and Galiano et al. (2010) also found that recent warming 

negatively impacted Scots pine growth mainly in dry sites. In our case planted pine trees, 

originated from seeds of different geographical origin and genetic pool than local trees, may 

have shown different growth responses to drought stress than natural, and may be better 

adapted, populations (Helama et al. 2008). Declining planted trees may have not been able 

to acclimate to drier and warmer conditions during the late 20th century, especially in the case 

of Scots pine populations which constitute the southernmost ones of the distribution area of the 

species. Our results provide additional support to previous studies showing a high vulnerability 

to severe droughts of stands near the climatic xeric limits of tolerance in several European tree 

species including Scots pine (Martinez-Vilalta and Piñol, 2002), Fagus sylvatica (Jump et al. 

2006), and Abies alba (Macias et al. 2006).  

 

5 Conclusions 

 In southeastern Spain, annual temperature has increased and spring precipitation has 

declined during the twentieth century, leading to a long-term reduction in water availability. 

Drier conditions have overlapped with a sequence of severe droughts (1994, 1995, 1999 and 

2005) which may have been unprecedented during that century. These regional climatic 

changes affected selectively pine species and sites. The defoliation level and the reduction in 
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basal area increment were higher in the pine species more vulnerable to drought-induced 

xylem embolism (P. sylvestris) than in those more resistant (P. halepensis). Species such as P. 

pinaster adapted to dry conditions, but with high growth rates, were also vulnerable to drought 

stress. The reduction in basal area increment and the defoliation events occurred after 

consecutive severe droughts. A decrease in water availability in spring during the major period 

of cambial activity and wood growth is the major triggering factor of decline. The forest 

decline of pine plantations described in southeastern Spain was characterized by a rapid 

growth reduction and widespread defoliation, particularly affecting Scots pine stands whose 

future persistence is unlikely under the predicted warmer and drier conditions.  
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7 Supporting Information 

 

Dynamic factor analysis 

We used dynamic factor analysis (DFA), a multivariate time-series analysis, to estimate 

common underlying patterns in basal area increment (BAI). DFA analyses were applied to 

normalised BAI series for the four pine species calculated by subtracting the mean site BAI and 

dividing by the standard deviation for the period 1978-2006 (Biondi and Qaedan 2008). 

This procedure facilitates the comparison of results between different models and detecting 

common BAI trends. The BAI series were modeled as a linear combination of stochastic non-

linear trends (Zuur et al. 2003) which allow describing response variables (i.e., the BAI series) 

with a dynamic factor model given by response variables, trends, constants and errors. We 

focused on the detection of common BAI trends in the study sites for the four studied pine 

species. The goodness-of-fit of the model was assessed by calculating the Akaike information 

criterion (AIC), which combines the measure of fit with a penalty term based on the number of 

parameters used in the model (Burnham and Anderson 2002). The optimal number of common 

trends was based on minimizing the AIC for finding the most parsimonious model, and a 

symmetric error covariance matrix was used for the noise term. The selected models were of 

the type “Data = M common trends + noise” with M = 2 trends. 
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Is drought the main decline factor at the rear edge of Europe? The case of southern Iberian 

pine plantations 

 

Abstract

Drought has been frequently discussed as a trigger for forest decline. Today, large-scale 

forest decline is observed at the rear edge of Mediterranean forests, with drought identified 

as the most likely driver. The vulnerability of Mediterranean mountain plantations to regional 

climatic variations; however, is poorly understood. In this chapter, we analyze the impact of 

biotic and abiotic factors on the growth and vigour of two pine species in drought-prone 

areas. We assess the main factors influencing crown defoliation and radial growth to develop 

a predictive model of forest decline risk for pine plantations at the dry edge of the species 

range. Dendrochronological data were collected on 50 plots for Pinus nigra subsp. salzmanii 

and 40 plots for Pinus sylvestris. We examined tree size, competition, site characteristics and 

climate variables related to decline of pine plantations. Correlation and principal component 

analysis (PCA) were used to identify the correlates of decline with crown condition and growth, 

separately. Logistic regression and linear mixed models were used to study the relationship 

between canopy defoliation and growth, respectively, for P. nigra and P. sylvestris. 

Explanatory variables were introduced in a stepwise selection. The PCA revealed three main 

axes, associated with climate, competition and physiographic variables. Those three axes were 

associated with crown damage and basal area growth, respectively. Probability of crown 

damage was associated with tree size, competition and climate conditions. P. sylvestris was 

more sensitive than P. nigra to summer potential evapotranspiration effects. Also, climate and 

competition were the two main drivers affecting basal area growth. Unlike crown defoliation, 

physiography had an important effect. Within each species, there was a divergence between 

healthy and damaged trees, mainly related to competition factors. On the other hand, growth 

trends as an independent variable were not included in the crown damage probability model 

in a stepwise selection. However, declining growth found in trees at higher crown defoliation 

and drier sites may imply a greater vulnerability to decline, suggesting an enhanced die-off 

risk. The sharp growth reduction and widespread defoliation in declining pine plantations 

make their future persistence in xeric sites subject to frequent and severe droughts unlikely 

under expected warmer and drier conditions in the future.   

Keywords: Mediterranean pines, tree rings, dendroecology, plantations, forest decline, crown 

defoliation, rear edge, growth models 
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¿Es la sequia el factor causante del decaimiento forestal en el límite meridional de 

Europa?. El caso de las repoblaciones del sur de la península Ibérica. 

 

Resumen 

 

Se ha discutido con frecuencia que la sequía es el factor causante del decaimiento forestal. 

Actualmente, existe un proceso de decaimiento forestal generalizado en el límite de existencia 

natural de los bosques mediterráneos, identificando a la sequía como el factor causante 

principal. La vulnerabilidad de las repoblaciones en la alta montaña Mediterránea está 

condicionada por las variaciones climáticas regionales, sin embargo, poco se conoce acerca 

de ésto. En este trabajo se analiza el impacto de los factores bióticos y abióticos sobre el 

crecimiento y el vigor de dos especies de pino en zonas propensas a sequías. Evaluamos los 

factores principales que influyen en el vigor (defoliación de copa) y el crecimiento radial para 

desarrollar un modelo predictivo del riesgo de decaimiento forestal para repoblaciones de 

pino en el límite seco meridional. Se tomaron datos dendrocronológicos en 50 parcelas de 

Pinus nigra subsp. salzmanii y 40 parcelas de Pinus sylvestris. Se estudió la relación entre el 

tamaño del árbol, la competencia, las características del sitio y las variables climáticas con el 

decaimiento forestal de estos pinos. Se realizaron análisis de correlación y componentes 

principales (PCA), para identificar las relaciones con la defoliación de copa y el crecimiento 

con estos factores. Regresión logística y modelos lineales generalizados se utilizaron para 

estudiar la relación entre la defoliación y el crecimiento, respectivamente, para P. nigra y P. 

sylvestris. Las variables explicativas se introdujeron en los modelos mediante una selección 

paso a paso. El PCA reveló tres ejes principales, asociados con el clima, la competencia y las 

variables fisiográficas. Estos tres ejes se asociaron con el daño de copa y el crecimiento de 

área basal, respectivamente. La probabilidad de daño de la copa arbórea se asoció al 

tamaño del árbol, la competencia y las condiciones climáticas. P. sylvestris fue más sensible 

que P. nigra a los efectos de la evapotranspiración de verano. Además, el clima y la 

competencia fueron los dos principales factores que afectaron el crecimiento en área basal. A 

diferencia de en e modelo de daño de copa, la fisiografía tuvo un efecto importante en los 

modelos de crecimiento. Dentro de cada especie, existe una divergencia entre los árboles 

sanos y dañados, principalmente relacionada con los factores de competencia. Por otro lado, 

las tendencias de crecimiento como una variable independiente no se incluyeron en el modelo 

de probabilidad de daño en copa en la selección por pasos. Sin embargo, la mayor 

disminución del crecimiento se encontró en los árboles de mayor defoliación de copa en las 

zonas más secas, lo que puede implicar una mayor vulnerabilidad al decaimiento forestal, y 
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por tanto un mayor riesgo de mortandad en estas zonas. La fuerte reducción del crecimiento 

junto con la defoliación generalizada de las repoblaciones de pino con decaimiento forestal, 

cuestiona su futura persistencia en los sitios más áridos, sujetos a frecuentes y extremas sequías 

inesperadas, en las futuras condiciones previstas de mayor calor y sequía. 

 

Palabras clave: Pinares mediterráneos, anillos de crecimiento, dendroecología, plantaciones, 

decaimiento forestal, defoliación, límite meridional, modelos de crecimiento. 
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1 Introduction 

Global climate change is expected to cause a progressively increased frequency and 

severity of mortality rates and episodes of forest dieback (Allen et al. 2010). As the 

Mediterranean Basin climate is becoming warmer and drier (IPCC, 2007), an increase in 

drought-induced mortality of pine plantations is expected (Sarris et al. 2010; Sánchez-

Salguero et al. 2012b). In addition, “rear edge” tree populations (i.e., populations at or near 

the species range limits) are likely to be particularly sensitive to the effects of increasing 

aridity and management release (Hampe and Petit, 2005). Rear edge forest mortality and 

decline processes have been related to stand density and lack of silvicultural practices (Linares 

et al. 2009, 2010; Camarero et al. 2011). Denser stands normally result in stronger plant 

competition (Gómez-Aparicio et al. 2011) and ‘‘natural’’ self-thinning processes (Chen et al. 

2008), because of the corresponding reduction in soil water availability per unit of basal area 

(Sabaté et al. 2002). This scenario seems to be particularly relevant in dense pine plantations 

in the Mediterranean Basin.  

The Mediterranean Basin is one of the world regions with the largest proportion of 

planted forests (e.g., Spain, FAO, 2006). Pines were the tree species most commonly planted 

due to their fast growth rates in open, xeric conditions, promoting rapid canopy closure and 

eventual facilitation of the establishment of late successional hardwoods (Zavala and Zea, 

2004). Lack of post-plantation practices – due to their elevated costs and low timber 

production – has often resulted in high-density pine stands with limited dynamic succession 

(Gómez Aparicio et al. 2011). Moreover, those plantations have shown a high risk of dying 

under water stress (drought) conditions (Martínez-García, 1999; Galiano et al. 2011). 

Tree decline in Mediterranean stands is a complex process that has been attributed to a 

wide range of potential causes, often involving prior droughts that initiate a growth decline 

and a lengthy chain of interacting events (Camarero et al. 2004; Das et al. 2007; Galiano et 

al. 2010). A multi-factor, sequential decline hypothesis has commonly been considered to 

describe and explain this process (Manion, 1981): (1) “predisposing factors” expose plants to 

long-term stress (e.g., poor soil conditions and/or high stand density, Vilà-Cabrera et al. 

2011); these predisposing factors increase the susceptibility of trees to (2) severe short-term 

stresses, known as “inciting factors” (e.g., an extreme drought); and (3) eventually the 

“contributing factors” (e.g., parasites and/or additional climatic events) produce tree mortality 

events. Despite the compelling theoretical background of this hypothesis, the empirical support 

is relatively weak because the studies documenting drought-induced decline rarely analyze the 

relative importance of all the factors that are potentially involved (but see Galiano et al. 
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2010). This is particularly the case in studies of decline in Mediterranean forest plantations 

(Sánchez-Salguero et al. 2010, 2012b). 

Forest decline can be linked to two main processes: a progressive growth reduction 

(radial, height, or volume, etc.) and a rapid defoliation, both used as descriptive variables to 

study impact of environmental factors on forest decline (Breda et al. 2006; Dobyshev et al. 

2007; Carnicer et al. 2011). Defoliation is one of the main factors used to indicate future 

mortality and forest health and it integrates the effects of other factors such as relative water 

and nutrient availability (Dobbertin and Brang, 2001; Dobbertin, 2005). In forest decline 

studies defoliation refers to reduction of overall crown volume, and usually visually estimated 

via a visual assessment and systematic rating system applied to individual trees assessed their 

vigour using a semi-quantitative scale based on the percentage of crown defoliation (Müller 

and Stierlin, 1990, UN/ECE, 1994). Several studies have suggested the existence of a 

relationship between negative growth trend and crown defoliation in a decline process 

(Dobbertin, 2005; Jump et al. 2006; Dobyshev et al. 2007). A negative trend in a recent 

basal area may be a strong indication of overall tree growth and physiological decline (Jump 

et al. 2006). Several studies demonstrated that tree crown conditions at the time of sampling 

was correlated with tree growth over the preceding decade, and from this relationship it was 

possible to predict the decline process with significant statistical precision (i.e., about 90% 

variance explained in the models) by at least 5 years beforehand (Dushesne et al. 2003; 

Bigler and Bugmann, 2003; Dobyshev et al. 2007). There are few studies, however, that have 

evaluated growth and crown dieback separately, while also assessing the effects of 

environmental and competition factors, and particularly in Mediterranean pine stands (Bravo-

Oviedo et al. 2006; Kantavichai et al. 2010). 

In this study, the objectives are:  (i) to identify the main abiotic and biotic factors that 

may be causing pine plantation decline in southern Spain. Pinus sylvestris L. and Pinus nigra 

Arnold. subsp. salzmannii stands have undergone severe decline (i.e., extensive tree dieback) in 

the southern limit of their natural distribution area in the Iberian Peninsula (Navarro-Cerrillo et 

al. 2007; Galiano et al. 2010; Sánchez-Salguero et al. 2012b). (ii) to determine the 

relationship of these factors to tree growth decline processes; (iii) to evaluate relationship 

between crown defoliation and growth decline, and (iv) to assess interspecific differences in 

the responses to these two processes. A combination of growth trend, crown condition and 

those environmental variables could improve predictions of the tree decline process using 

statistical models. 
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2 Material and methods 

2.1 Study area and species 

The study area is located in “Sierra de Los Filabres” (37º 22´ N, 2º 50´ W, 150.000 ha. 

between 300 and 2186 m.a.s.l) (hereafter abbreviated as Filabres), which represents the 

southern natural distribution limit of Pinus nigra (Figure 1). Mean annual precipitation is 320 

mm and moderately mild temperatures (13.1ºC, 1000 m.a.s.l) were recorded for the 1940-

2006 periods (Sánchez-Salguero et al. 2010), with prolonged drought during the summer. 

Dominant soils are regosols and topography is characterized by steep slopes (>35%) 

(LUCDEME, 2004). 

 

 

 

Figure 1. Study area and sampling. The upper inset maps show the distribution of both species and the location of 

the study area in SE Spain (Andalusia). Local forests distribution maps by Abellanas et al. (2004) 
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P. sylvestris and P. nigra subsp. salzmanii plantations were studied. In the study area, 

forests were planted in the 1970s using seeds from South and Central Spain, and afterwards 

they were managed through selective thinning that involved harvesting depressed trees while 

retaining dominant trees for future natural seeding (Rodriguez-Gutierrez, 2003; Serrada et al. 

2008). Silvicultural features of these stands are summarized on Tables 1 and 2. 

 
Table 1. Description of the selected trees to decline model in Filabres area for trees with low (H, healthy trees; 

defoliation < 50%) or high defoliation (D, declining trees; defoliation ≥ 50%) considering the two pine species 

(Ps, P. sylvestris; Pn, P. nigra). Values are means ± SE. Different letters indicate significant (P < 0.05) differences 

between defoliation classes within areas (Mann-Whitney U test).  

Species (code) No. trees (No. radii) Dbh (cm) Height (m) Defoliation (%) 

 H D H D H D H D 

P. sylvestris (Ps) 25 (50) 15 (30) 17.7 ± 0.5a 15.2 ± 0.7b 8.2 ± 0.3 7.3 ± 0.3 16.3 ± 2.3a 68.0 ± 6.4b 

P. nigra (Pn) 32 (64) 18 (36) 16.7 ± 0.5a 14.4 ± 0.5b 7.8 ± 0.3 7.1 ± 0.4 20.0 ± 1.5a 63.0 ± 4.4b 

 

2.2 Field procedures and tree ring analysis 

A stratified sampling was made by species and crown damage classes, live and dead 

trees (Dobbertin and Brang, 2001), and tree size (dbh, height) following a stratified sampling 

according to the altitudinal gradient of the study area; taking into account the surface 

occupied by each pine species and its recent defoliation levels (Table 1 and Figure 1). We 

sampled at least one stand within each 1-km2 grid in the study area. Sampled stands in those 

grids with multiple stands were randomly selected. For each tree measurements and 

observations were made of physiographic variables (elevation, slope and aspect), size (dbh, 

height and crown height), age (number of rings at 1.3 m) and crown damage (percentage of 

defoliation) using a semi-quantitative scale based on the percentage of crown defoliation 

(Müller and Stierlin, 1990) (Table 2) and the ICP (International Co-operative Programme on 

Assessment and Monitoring of Air Pollution Effects on Forests) monitoring methodology 

(UN/ECE, 1994) since it has been used in similar decline studies in Europe (see for example 

Heikkilä et al. 2002). Percent crown defoliation (as proxy indicator of damage) was assessed 

visually by the first author because estimates of defoliation vary among observers. Since these 

estimates may also vary among sites we used as a reference a tree with the maximum amount 

of foliage at each location (Dobbertin, 2005). In this study, a tree was regarded as declining 

if its crown showed a needle loss greater than 50%. Two defoliation classes were reclassified 

from the initial scale: class 1 (H) (slightly damaged trees and trees without evident defoliation 

< 50%) and 2 (D) (severely damaged trees or dead ones ≥ 50%) (Dobyshev et al. 2007; 

Sánchez-Salguero et al. 2012b) (Figure 2).  
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Figure 2. Crown defoliation for Pinus sylvestris and Pinus nigra in Filabres originally sampled. Trees with 100 

percent are dead. Crown defoliation was estimated for felled trees. 

 

In this study, damage levels were directly related to crown defoliation (Table 1), which 

permitted one to accept that current defoliation levels were linked to the severity of recent 

droughts (Dobbertin, 2005). This assumption was supported by physiological data since 

stomatal conductance and water potential were significantly lower in defoliated than in non-

defoliated trees in both species (Hernandez-Clemente et al. 2011).  

A wood section at 1.3 m from each tree was obtained, and two radii located 

perpendicular to the maximum slope and in opposite directions were selected for cross-dating 

and measuring. Wood disks were dried and sanded with progressively finer grades of 

sandpaper until the wood anatomical elements were visible in transverse section and then 

scanned at 3200 dpi using an Epson Perfection V750 Pro scanner© (Seiko Epson Corp., 

Nagano, Japan). Tree-ring widths were measured to the nearest 0.01 mm along the two radii 
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of each section using WinDendro© (Regents Instruments, Quebec, Canada). Tree-ring series 

were dated following standard procedures (Stokes and Smiley, 1996). In order to detect 

dating and measurement errors, ring-width series were checked with COFECHA software 

(Holmes, 1983; Grissino-Mayer, 2001). We did not detrend chronologies to filter out eventual 

decrease of increment with age (age trend) since this operation could partly remove growth 

signal related to more short-term changes in trees´ crown status. Instead, we analyzed raw 

ring-width series and ring-width series transformed to basal area increments using standard 

methods for such transformations (Biondi and Qaedan, 2008). 

 

2.3 Environmental and biotic factors 

Discrete climate data were obtained from the Spanish weather-monitoring system 

(Spanish Meteorological Agency; http://www.aemet.es) and CRU TS 3.0 dataset (Mitchell and 

Jones, 2005) (Table 2). Climatic and site characteristics datasets were implemented in a 

Geographic Information System (GIS) environment. Spatial interpolation based on inverse 

distance weighting and spline, were used to predict monthly and average annual precipitation 

(Pan), as well as monthly and average annual temperature (Tan) with a spatial resolution of 

10 m. Potential evapotranspiration (PET) according to Thorntwaite, 1948 were calculated.  

Site characteristics were represented by altitude (Alt), slope (Slp), aspect (Asp), solar radiation 

(Rad), a Compound topographic index (CTI) that provides information on the availability of 

soil water (Gressler et al. 1995) and soil type according to FAO classification (Soil) (Table 2). 

Diameter at breast height (dbh), total height (H), crown diameter (Cd), crown height 

(Ch), stability index (H/dbh) and defoliation classes were measured for all trees. Competition 

was characterized by basal area (BA), quadratic mean diameter (Dg), ratio dbh/Dg, ratio BA-

basal area density (G), stand density (N) and Reineke´s stand density index (SDI) (Yang et al. 

2003; Shaw, 2006) (Table 2). 

 

 

 

 

 

 

 

http://www.aemet.es/
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Table 2. Summary statistics for the data used in decline models for P. sylvestris (Ps) and P. nigra (Pn). 

 

  Mean S.D. Minimum Maximum  

Variables Metadata Ps Pn Ps Pn Ps Pn Ps Pn  

Biotic           

Diameter at breast height (dbh) (cm) FWa 16.8 15.6 2.6 2.8 11.3 11.3 21.0 22  

Tree height (H) (m) FW 7.9 7.4 1.4 1.8 5.8 4.3 11.6 11.3  

Crown diameter (Cd) (m) FW 4.5 3.8 0.7 0.8 3.1 2.1 5.8 5.3  

Crown height (Ch) (m) FW 5.8 5.8 1.4 1.5 3.4 2.7 10.2 9.4  

Stability index (H/dbh) FW 47.3 47.7 5.6 9.7 37.6 31.8 59.2 79.3  

Defoliation (Defo) (%)b FW 45.2 40.8 29.3 25.9 5 10 100 100  

Basal area(BA) (m2ha-1) FIc 155.7 128.5 99.9 52.0 73.9 67.9 611.3 353.0  

Stand density (N) (trees ha-1) FI 1050 925 418 353 100 100 1800 1600  

Quadratic mean diameter (Dg) (cm) FI 13.7 12.6 3.4 2.3 9.7 9.3 27.9 21.2  

Ratio Dbh/Dg FI 1.3 1.3 0.3 0.3 0.7 0.6 1.9 1.9  

Basal area density (G) FI 12.5 12.2 5.5 5.7 3.5 2.6 28.9 27.4  

Ratio Dbh/G FI 15.8 14.1 17.3 15.5 6.9 3.9 100.9 100.9  

Reineke´s index (SDI) FI 386.4 302.2 186.9 130.4 76.7 68.9 894.5 557.9  

Abiotic           

Altitude (Alt)  REDIAMd 1871 1786 129 156.8 1611 1380 2137 2111  

Slope (Slp) REDIAM 25.0 27.1 13.5 10.9 1.8 4.0 48.1 55.4  

Aspect (Asp) REDIAM 171.7 201.2 121.5 107.1 - - - -  

Solar radiation (Rad) REDIAM 24 27 2.9 3.0 13.0 19 35.0 35  

Compound topographic index (CTI) REDIAM 5.6 5.9 1.7 2.1 3.0 3.1 10.9 15.1  

Soil REDIAM - - - - - - - -  

Precipitation (P)e - 320 323 45 48 305 282 382 384  

Temperature (T) - 10.4 10.8 1.7 1.7 7.3 7.4 12.9 13.6  

Evapotranspiration (PET) - - - - - - - - -  

a Fieldwork in winter 2006-2007. 
b Defoliation class - the level of decline is based on classes of damage in response to defoliation (%) of the tree (class=0, 

healthy defoliation=0-10%, class 1= slight damage, defoliation = 11-25 %), class 2 = trees with damage moderate to 

intense defoliation = 26-60%; class 3= severely damaged or dying trees, defoliation = 61-99 %, class 4 = tree dead, 

defoliation = 100 %). Based on Mueller and Stierlin (1990) and UN/ECE (1994). 
c Forest Inventory (2007). All the tree sampling was inside these plots (network 1x1 km). 
d REDIAM (Environmental Information Network of Andalusian Government, Spain, Consejeria de Medio Ambiente, 2009). 

Topographic data are based on raster digital elevation model with a resolution of 10 x 10 meters. Soil is based in FAO soil 

type. 
e Precipitation, Temperature and Evapotranspiration were calculated monthly (numbers from January-1 to December-12) and 

for different seasons from 30 local meteorological stations (see Sánchez-Salguero et al., 2010, 2012b), CRU TS 3.0 and 

REDIAM. This information was got for each plot in raster format. 
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2.4 Statistical Analysis 

Normal distribution of all variables and tree-ring data were tested with a Kolmogorov–

Smirnov test. Then, biotic and abiotic variables were studied by applying dimension reduction 

techniques to avoid convergence problems during parameter estimation. The shared variation 

between independent variables was evaluated using a principal component analysis (PCA), 

calculated from their correlation matrix and the influence of these variables (Pearson r) in 

defoliation and growth, respectively.  

 

Crown decline model 

Based on crown defoliation, many studies have grouped trees into vitality classes to test 

the differences between classes in dieback models (Dobbertin, 2005). Discriminant Analysis, 

one-way ANOVA analysis and dendrochronological statistics that refer to the residual (MS) 

and standard autocorrelation (AR1) series of tree-ring width between healthy (H) and 

damaged-dead (D) per each species were used to explain this reclassification (Dobyshev et al. 

2007).  

A logistic model was parameterized by the probability of damage level for each 

individual tree (H (defoliation < 50%) and D (defoliation ≥ 50%), using logistic regression 

(Bigler et al. 2006; Lines et al. 2010): 

 Pr(Yi,t = 1|Xi,t) =1/ 1 + exp(Xi,tβ)
−1 (1)   (1) 

with Yi,t  status of tree i at time t (Y = 0 means the tree is health, Y = 1 means the tree is 

damaged-dead). Pr (Yi,t = 1|Xi,t ) crown damage probability in the interval [0,1], and Xi,tβ a 

linear combination of the independent variables (X) and the regression coefficients (β). 

To develop the logistic model, a two-stage stepwise variable selection strategy was 

applied, and decline models were fitted by maximum log-likelihood estimation using (LL) and 

the Akaike Information Criterion (AIC) (Burnham and Anderson, 2002). The significance level of 

deviance differences served as the criterion for variable selection. The reduction of deviance in 

a stepwise process can be assumed to be χ2 distributed, even for ungrouped data (McCullagh 

and Nelder, 1989). The starting point for each stepwise regression was the Null model, where 

only the intercept with dbh was included as an independent variable. 

In a first stage of the analysis, the most significant variables were determined using a 

stepwise selection process. At a second stage, the best linear combination using the variables 

selected at stage one was sought via another logistic regression model. The resulting main 

model, which only included significant variables, was used for all further analyses. The smallest 
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values of LL and AIC were observed in linear form and species-specific models, so we decided 

to retain those models (Flewelling and Monserud, 2002). 

Upon arriving at a final model, a multiple measure of goodness-of-fit was calculated 

accepting that prediction accuracy is an useful criterion for comparing logistic models of 

decline process (Dobbertin and Brang, 2001; Bigler and Bugmman, 2003; Bravo-Oviedo et al. 

2006). Comparing the observed stage with predicted one of each individual tree allowed us 

to develop a semi-mechanistic understanding of dieback processes at an individual scale. 

Evaluation was performed with independent plots not used in the fitting process (10%). An 

“optimal” cut-off point was determined for each model. Three cut-off points or thresholds were 

tested, as well as random numbers. First, the point at which sensitivity and specificity curves 

crossed was considered; second, the overall survival rate found for the species was used, and, 

third, an arbitrary one was considered. Random numbers were run 10 times and the average 

classification rates were recorded (Hosmer and Lemeschow, 1989; Bravo-Oviedo et al. 2006).  

To verify if the decline model with an originally continuous dependent variable grouped 

on two crown defoliation categories was correct, when part of the extreme data removed a 

logistic model was applied, and thus, only trees with crown defoliation near to 50% were used 

to evaluate this model. 

 

Growth model 

Basal-area increment (BAI = π (R2
t – R2

t-1) where R is the radius of the tree and t is the 

year of tree-ring formation) for each species and damage class was obtained by averaging 

the annual values of the 180 radii measured in 90 disks for the period 1990-2006, when 

trees have surpassed their early BAI release phase (Sánchez-Salguero et al. 2012b). BAI of 

the two species was then quantified, considering separately two damage classes.  

BAI distribution was skewed and log-transformed and used as the response variable in 

all the following analyses. Mixed effects models (maximum likelihood method) (Burnham and 

Anderson, 2002) were used to analyze the effect of the independent variables on tree growth 

in both species with different crown damage status. The general structure of the models can be 

summarized as 

Yij = µ + Xiβi + Zij + Ziγi + ξij     (2) 

where Yij is the vector containing the values of log(BAI) for tree i and year j, µ constant 

intercept. Xi corresponds to the matrix of fixed effects (e.g., dbh, height, topographic variable, 

etc), βi is the vector of parameters associated with the fixed effects, Zi is the design matrix of 

random effects (e.g., year, tree), γj is the matrix containing the vectors of parameters 

corresponding to the random effects (year, year-tree, etc.), Ziγi is the random effects 
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relationship damage-year and ξij is the vector of error terms for tree i and year j. The random 

effects were assumed to follow a normal distribution with zero mean. The selection of 

explanatory variables also responded to a compromise with the availability of reliable data 

and considerations on the relevant time frame in the context of the study. Residuals were 

studied to validate the mixed models assumptions of normality and to verify that no correlation 

existed with the variables not included in the final model. With the BAI predicted by the final 

model, a determination coefficient (R2) was used to check significantly differences between 

growths depending on damage level.  

An information-theoretic approach to multi-model selection, based on the Akaike 

Information Criterion (AIC) and BIC (Bayesian Information Criterion) was used, and the model 

with the lowest AIC and BIC selected (Burnham and Anderson, 2002). The dataset was 

randomly split into 10 parts and 90% was used for initial model development and 10% was 

used for model validation. The final model was developed using the entire dataset. Using the 

validation dataset, the coefficients of the multilevel mixed model analysis were used to predict 

growth. The residuals were calculated by subtracting the predicted values from the observed 

values. Mean Squared Error (MS Error), Mean bias (MB), Absolute Mean bias (A Mean bias) 

and Mean Percent Error (Mean% Error) were used to check model accuracy (Uzoh and Oliver, 

2008). Analyses were conducted with SAS v. 9.1.3 (SAS Corporation, Cary, NC, USA). 

Significance for all statistical analyses was accepted at α = 0.05. 

 

3 Results 

3.1 Variables related to forest decline 

The Manion (1981) model characterizing tree decline envisions a sequential process of 

predisposing, inciting, and contributing stressors. Within this framework, our statistical 

assessments point to competition and climate (extreme drought events) as the most likely and 

strongest predisposing and inciting (maybe contributing too) factors respectively (Figure 3). The 

scatter plot of the principal component analysis (PCA) loading coefficients displayed groups of 

variables. P. nigra and P. sylvestris biotic variables (Fig. 3a and b) were significant, 

representing PC1 (63%-55%) and PC2 (17%-24%) of the total variance, respectively. The 

scatter plot (Figure 3a and b) represented the competition factors (e.g., SDI or Cd), as 

predisposing factors in the decline process in both species. This PCA loaded two groups: tree 

scale (PC1) and stands scale (PC2).  

The abiotic PCA of both species with the significant variables (Pearson analysis) showed 

similar loadings with the PC1 (Figure 3c and d). Climate variables had positive correlations 
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with it, showing that they shared a common variance. On the other hand, site characteristic 

variables were scattered, covering nearly all the range of the second axis values (e.g., Soil, 

Aspect, and Radiation) that explain the second axis (PC2) in both species. Figure 3 (e and f) 

shows the evolution of the explained variance of all the significant abiotic and biotic factors. 

Although the groups showed different loadings with the PC1 in both species, all climate 

variables had positive correlations with it, showing that they shared a common variance. In 

contrast, June (P6) and August precipitations (P8) in P. nigra and P. sylvestris, respectively, 

were scattered in other groups. The variance explained for this component represented the 

contributing climate factors in the third decline stage (contributing factors). 

Although the PC2 in Figure 3 (e and f) showed similar loadings in several site 

characteristic variables in both species, and competition factors as a predisposing factor in P. 

nigra, but in P. sylvestris, they could act as predisposing, and contributing factors too. These 

different loadings with PC1 and PC2, were due to implicit species differences. 

When PCA was computed with all the variables (biotic and abiotic factors) depending 

on species (P. nigra and P. sylvestris), the first and second axes appeared significant (PC1 42% 

and 35.8%; PC2 14.5% and 18%), respectively. 
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Figure 3. Scatter plot of principal component loadings obtained from a correlation matrix between independent 

variables (biotic (a,b), abiotic (c,d) and both (e,f)) for both species. The percentage of variance explained by the 

PC axes is shown. The letters codes for each variable are the same as in Table 2. 

 
Abbreviations of variables: N, stand density; SDI, reineke´s index; G, basal area density; BA, basal area; Ch, crown height; Cd, crown 
diameter; H, tree height; dbh, diameter at breast height; Rad, solar radiation (1-spring equinox, 2- summer solstice, 3-fall equinox); Alt, 
altitude; Asp, aspect; Soil, FAO soil type; CTI, compound topographic index; P, precipitation (from 1-January to 12-December); PET, Potential 
evapotranspiration (from 1-January to 12-December); Tmx spr, mean maximum spring temperature; Tmx sum, mean maximum summer 
temperature; Tmx fall, mean maximum fall temperature. 

 

3.2 Crown decline model 

A discriminant analysis of different crown damage classes with the biotic and abiotic 

factors was conducted to test the decline classification. This analysis showed the best results at 

two crown damage levels–growth pattern 50% of defoliation (P=0.01, Correctly classified 

93% of original grouped cases (Significant p<0.05) (Figure 2). 
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The best explanatory variables used to create a decline crown model, obtained in a 

previous analysis, were roughly equivalent between species and listed in Tables 3 and 4. A 

stepwise model selection was used in both cases starting from the same initial set of 

explanatory variables (Table 3). Only the final model selected variables are shown (Table 4).  

 

Table 3. Summary of the models based on Equation(1) (see text).  

Model 

Model 

Likelihood 

(-2LL) 

AIC 

Hosmer-

Lemessho

w test  

(p-value) 

R
2 

Nagerkelke 

Correctly 

classified 

(%) 

P. nigra      

0: ~ dbh 46.315 48.315 0.002 0.240 74.4 

1: ~ 0 + Cd 44.838 48.838 0.642 0.280 76.9 

2: ~ 1+ SDI + N 44.838 52.838 0.642 0.280 77.0 

3: ~ 2 + Alt + Asp + Rad + Soil 32.569 48.569 0.577 0.565 79.5 

4: ~ 3 + P + T + PET 27.770 49.770 0.986 0.654 84.6 

P. sylvestris      

0: ~ dbh 32.941 34.941 0.196 0.282 76.7 

1: ~ 0+Cd 32.373 36.373 0.364 0.281 77.0 

2: ~ 1+ SDI + N 30.791 38.791 0.320 0.342 77.6 

3: ~ 2 + Alt + Asp + Rad + Soil 27.774 43.774 0.294 0.440 79.2 

4: ~ 3 + P + T + PET 22.724 44.724 0.612 0.584 80.0 

 

Both decline models were mostly affected by specific spring climate conditions (Pjune 

and Tjune) as inciting (before decline stage) and contributing factors (in extreme dry years); 

and stand competition (SDI, dbh and Cd) as a predisposing factor, but P. sylvestris model was 

associated with one additional explanatory variable, summer evapotranspiration (PETsum) as 

a contributing factor in the stage of decline (Table 4). At the individual level, the stepwise 

model selection used to fit the decline model removed the explanatory variables that were not 

significant, including the growth variable (e.g., BAI) (Table 3). All the variables tested in the 

final model were significantly associated with level of damage (Table 4). 

Increases in decline probability were associated with increase in competition, lower 

crown diameter (Cd) (P. nigra), diameter breast height (dbh) (P. sylvestris) and lower late 

spring precipitation (Pjune) and higher late spring temperature (Tjune) in both species (inciting 

and contributing factors, respectively). Also, in P. sylvestris model, a higher PET for the summer 

months (June-August) increased decline probability. Including an interaction term for these 

variables did not improve the explanatory power of the model. 
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As regards the final model used for modeling decline probability in each species, the 

results of parameter estimates are shown in table 4; being statistically significant.  

 

Table 4. Best fit logistic regression models (model 5) predicting P. nigra and P. sylvestris decline.  

Species Variable Estimated (SE) 
Wald 

test (Z) 

Odds ratio  

(exp (β)) 

Hosmer-

Lemeshow 

test (p-value) 

MLa (Gb) 

AIC 

R2 

Nagerkelke 

P. nigra (β0) Constant -47.561 (18.128)* 6.883 - 0.789 
10.571 

(<0.001) 
0.805 

 (β1) Cd -2.636 (1.122)* 5.520 0.072  18.517  

 (β2) Tjune 3.268 (1.170)* 7.803 26.272    

 (β3) SDI 0.023 (0.010)* 5.739 0.977    

 (β4) Pjune -0.861 (0.383)* 5.046 2.366    

P. sylvestris (β0) Constant 16.887(2.7185)* 0.369 - 0.665 
21.493 

(<0.001) 
0.815 

 (β1) Dbh -0.648(0.363)* 3.194 0.523  31.493  

 (β2) Tjune 0.028(0.646)* 0.002 1.029    

 (β3) PETsum 1.425(1.131)* 1.589 4.159    

 (β4) Pjune -0.637(0.440)* 2.095 1.890    

 (β5) SDI 0.008(0.004)* 3.020 0.992    

Note: Parameter estimates are presented with standard errors in parenthesis. β0, the constant; βi, model coefficients estimated 

from the data; Cd, Crown diameter; Tjune, June temperature; SDI, Stand density index; Pjune, June precipitation; Dbh, 
diameter breast height; PETsum, summer evapotranspiration; *significant at 0.05 level. 
aValues for the maximum likelihood; bvalues for the G statistic of the likelihood ratio test. 

 

 

Assessments of model fit using validation data sets show the models to be reasonably 

accurate representations of the relationships. The healthy and damaged pines calibration 

model supplied a reasonable fit to the health and damage validation data. A Hosmer-

Lemeshow test and AIC revealed a good overall fit, and a validation test showed an 

acceptable level of discrimination (Table 4). We found the optimal cut-point for model 

classification to be 0.50 (i.e., trees are classified as healthy or damaged when P(m) < 0.50 

and P(m) ≥ 0.50, respectively). The P. nigra decline model correctly predicted the status of 

92% and the P. sylvestris model predicted 90.6%. 

 

3.3 Growth model 

On the other hand, it is known that tree-growth reactions to environmental stresses may 

serve as a vitality indicator, appearing previous to crown damage (without insect damage). 

Crown damage and growth can complement each other to predict forest decline. For this 

reason, although the decline models did not include a tree recent growth parameter (it was 
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automatically removed to the fit test by the model), growth models were calculated to find out 

the sequence of decline process and if there were differences across species and dependent 

variables (defoliation and growth) in their responses to predisposing, inciting and contributing 

decline factors. 

The variables used to create a growth model, were obtained in previous analyses and 

from decline model analyses. A stepwise model selection was used in both cases starting from 

the same initial set of explanatory variables. Only the final model's selected variables are 

shown (Table 5).  

 

Table 5. Statistical parameters of the fixed factors in the best mixed models for basal-area increment in P. nigra 

and P. sylvestris based on Eqn (2) (see text). low (H, healthy trees; defoliation < 50%) and high defoliation (D, 

declining trees; defoliation ≥ 50%) 

 

Fixed effects Estimate SE P 

P. nigra H D H D H D 

Intercept 0.9693 2.1950 0.3111 0.4152 0.0067 0.0001 

Time 0.0229 0.0236 0.0093 0.0094 0.0070 0.0059 

Dbh 0.0028 0.0025 0.0005 0.0005 <.0001 <.0001 

Dc 0.0001 0.1218 0.0195 0.0195 0.9945 <.0001 

Tjune -0.0343 -0.1227 0.0185 0.0275 0.0653 <.0001 

SDI -0.0001 -0.0006 0.0001 0.0002 0.2712 0.0009 

Pjune 0.0135 0.0226 0.0056 0.0059 0.0176 0.0002 

Soil -0.1268 -0.0560 0.0404 0.0320 0.0019 0.0815 

Aspect -0.0009 -0.0003 0.0001 0.0001 <.0001 0.0113 

P. sylvestris H D H D H D 

Intercept -6.6148 7.1138 2.7561 1.5742 0.0289 0.0003 

Time 0.0118 0.0305 0.0047 0.0110 0.0060 0.0028 

Dbh 0.0467 0.0367 0.0095 0.0119 <.0001 0.0026 

SDI -0.00001 -0.0006 0.00007 0.0003 0.8653 0.0372 

Slp -0.0001 -0.0001 0.0003 0.0033 0.0010 0.9748 

Soil -0.3351 -0.2931 0.1191 0.0877 0.0052 0.0010 

Tjune -1.7183 -2.3416 0.2738 1.1439 <.0001 <.0001 

Pjune 0.0142 0.3479 0.0055 0.1289 0.0115 0.0077 

PETsum -0.2851 -0.3731 0.0474 0.1478 <.0001 <.0001 

 

The selected mixed models in P. nigra (Health, AIC(BIC) = -7.5(-5.8)); (Damage, AIC(BIC) 

= 7.3(8.9)) detected that the significant positive effects of tree size (dbh, Cd) exerted 

significant positive effects on basal area increment (BAI), but on crown diameter only in 

damaged trees (D) (Table 5). An increase in dbh and Cd is positively related to growth. Spring 

precipitation showed significant positive effects on BAI in both levels of damage (Table 5). In 

addition, Spring temperature (Tjune) and Reineke´s index exerted significant negative effects on 
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BAI only in damaged trees (D) (Table 5). Aspect is related negatively and significantly to 

growth in both levels of damage, but soil showed significant negative effects only in Healthy 

trees (H). The best estimate for the time effect was positive, reflecting that, on average, BAI 

growth increased over time (Table 5). 

The final model to P. sylvestris (Health, AIC(BIC) = -85.3(-83.6); Damage, AIC(BIC) = -

86.5(-84.9) showed that dbh is correlated significantly positively with BAI in both levels of 

damage (Table 5). Competition variables (Reineke´s index) showed negative effects, only 

significant in damaged trees (D) (Table 5). Slope showed negative effects only significant in 

healthy trees (H), but soil is correlated negatively with growth in both levels of damage. As for 

the climate variables, Spring precipitation (spring temperature, summer PET) exerted significant 

positive (negative) effects on BAI (Table 5). As expected, climate variables showed greater 

effects in damaged trees (D) than in healthy trees (H) (Table 5). Including an interaction term 

for these variables did not improve the explanatory power of the model. 

The average growth per level of damage and species is shown in Figure 4 and 5. On 

this figure, the observed means of basal area increment per species were plotted against the 

predictions for the two selected damage classes. All the models showed acceptable 

predictions. All residual statistics presented in the tables and figures were based on 

transformed logarithmic values and the correction term was added into the intercept in Table 

6. 
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Figura. 4. Mean basal area increment of all sample trees, observed vs. predictions: (a) P. nigra H (defoliation < 

50%), (b) P. nigra D (defoliation ≥ 50%), (c) P. sylvestris H (defoliation < 50%), (d) P. sylvestris D (defoliation ≥ 

50%). 
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Figure 5. Observed and modeled trends of basal-area increment (BAI) of the two pine species studied in the 

Filabres according to the crown defoliation and vigour of trees. Trees were classified as healthy (H, white 

symbols, defoliation < 50 %) or declining and dead (D, black symbols, defoliation ≥ 50 %). The thick lines 

correspond to mixed models of BAI based for the 1990-2006 period. The vertical hatched bars indicate the 

years with the greatest annual water deficit during the second half of the 20 th century (1994, 1995, 1999 and 

2005). The scale on the right shows the annual number of measured radii for trees with defoliation below 

(continuous thin lines) and above 50% (dashed thin lines). The error bars correspond to the standard error. 

 

 

 

Table 6. Prediction mean squares error (MS Error, cm), mean bias (cm), absolute mean bias (A Mean bias, cm), 

and mean percent error (Mean%Error, cm) by mixed model using validation data set of size 10% of the total 

data set. 

Species MS Error Mean Bias A mean bias Mean%Error 

Model H D H D H D H D 

P. nigra 1.2266 0.4168 0.2833 0.1482 0.2579 0.1528 18 19 

P. sylvestris 1.0097 0.3676 0.0729 -0.0577 0.2192 0.1373 14 11 
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3.4 Growth-defoliation relationship 

The range of radial growth rates in both species indicated differences between crown 

damage levels. The distribution of crown damage (defoliation) in decline pine stands was 

bimodal, with the majority of trees experiencing either mild or severe amounts of crown 

damage (Figure 2).  

High probabilities of mortality were clearly associated with high levels of crown damage 

(defoliation) and reduction in basal-area increment. These species showed a significant 

relationship between crown damage and low growth rates (Table 7 and Figure 5). The 

dendrochronological statistics (first-order autocorrelation, mean sensitivity) tended to be higher 

in damaged-dead than in healthy trees, and these differences were significant in P. sylvestris 

but not in P. nigra (Table 7). Tree-ring increments were highest in trees with healthy crowns and 

lowest in trees with heavily declining crowns (Table 7). Two damage levels showed significant 

differences in annual growth as the results of one-way ANOVA analysis of ring increments and 

crown defoliation class, run for each year (1990-2006) (Table 7). 

 

 

 
Table 7. Dendrochronological statistics of the radial growth series for trees with low (H, healthy trees; defoliation 

< 50%) or high defoliation (D, declining trees; defoliation ≥ 50%) considering the two pine species (P. sylvestris; 

P. nigra) in Filabres study area. Values are means ± SE. Different letters indicate significant (P < 0.05) 

differences between defoliation classes within areas (Mann-Whitney U test). One-way ANOVA compared growth 

(1990-2006) for the two damage levels. 

Species Tree-ring width 
1
 (mm) MS 

2 
AR1 ANOVA 

 H D H D H D F(p) 

P. sylvestris 2.34 ± 0.18a 2.05 ± 0.22b 0.24 ± 0.01a 0.32 ± 0.01b 0.61 ± 0.03a 0.75 ± 0.02b 18.5(0.01) 

P. nigra 2.4 ± 0.1 2.1 ± 0.2 0.25 ± 0.01 0.32 ± 0.01 0.65 ± 0.02 0.71 ± 0.02 12.4(0.01) 

1The tree-ring width was calculated for the period 1980-2006. 
2Variables’ abbreviations: MS: mean sensitivity of residual chronologies; AR1, first-order autocorrelation of standard 

chronologies. The annual MS measures the relative difference of indexed tree-ring width from one year to the next, and it is 

calculated by dividing the absolute value of the differences between each pair of ring-width indices by the mean of the 

paired index (Fritts, 1976). 
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4 Discussion 

We confirmed the expected association between forest decline - defoliation and 

mortality -, climatic conditions - spring and summer precipitation - and competition previously 

found in Mediterranean forests. Our results provide additional support to previous studies in 

forest decline showing a high vulnerability to severe droughts near the climatic xeric tolerance 

limits under high competition; e.g., unmanaged or high dense planted stands of these two 

species: Pinus sylvestris (Martinez-Vilalta and Piñol, 2002; Galiano et al. 2010, 2011; Carnicer 

et al. 2011; Vilà-Cabrera et al. 2011) and Pinus nigra (Martínez-Vilalta and Piñol, 2002; 

Palahí and Grau, 2003; Linares and Tiscar, 2010; Carnicer et al. 2011).  

Our results suggest that the relationship among these variables is complex and may 

involve a wide range of contributing causes (Manion, 1981; Galiano et al. 2010). The decay 

process may be seen as a result of a series of chain events with first drought events (e.g., 

1994-1995) operating as inciting factors; stand structure and competition being a 

predisposing factor; and intense drought episode (e.g., 1999, 2005) acting as a contributing 

factor (e.g., Manion, 1981; Galiano et al. 2010; Sánchez-Salguero et al. 2012b). 

Drought events can trigger several effects on trees (Bréda and Badeau, 2008) that lead 

to defoliation (Dobbertin, 2005; Dobyshev et al. 2007). Defoliation (i.e., leaf-shedding) could 

initially occur as an avoidance mechanism to maintain a favorable water balance by reducing 

transpiring needle area (Bréda et al. 2006). Leaf-shedding also signals the early stages of a 

sequence leading to tree death (Dobbertin, 1999; Dobbertin and Brang, 2001; Galiano et al. 

2010; Carnicer et al. 2011; Sánchez-Salguero et al. 2012b). It is important to note that in this 

study we operated with the estimates of crown conditions taken on only one occasion. 

However, our study demonstrated that the condition of pine crowns in two categories (healthy 

and damaged trees) at the dates of sampling did reflect the trees ‘growth over the preceding 

decade, although no growth term was included in the decline model. 

Spring temperature and precipitation in conjunction with soil type showed themselves to be 

the most important variables, because growth is sensitive to the length of growing season, 

resources and water availability in soil (Galiano et al. 2010; Carnicer et al. 2011). 

Precipitation and temperature during the growing season have been considered as variables 

directly related to competition for water during growth period (Dobbertin, 2005; Bigler et al. 

2006; Camarero et al. 2010), and, hence, they may be surrogate variables of two-sided 

competition (Galiano et al. 2010). Water availability in late spring and early summer during 

the years of tree-ring formation is a major driver for wood formation, since the maximum 

cambial activity of the studied pines happens between April and June (Camarero et al. 2010).  
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In agreement with previous studies on drought-induced decline after extreme climate 

events in Spain (e.g., Galiano et al. 2010; Carnicer et al. 2011) our results confirm a 

correlation among the decline process and both spring climatic conditions and summer drought 

intensity. Accordingly, the subgroup of Damaged trees was among the best adjustment level in 

both species according to their defoliation and reduction in basal-area increment, which 

agrees with the idea that water-deficit stress and high density is a major factor driving the 

decline of species vulnerable to xylem embolism in xeric sites (Galiano et al. 2011). This is also 

consistent with their greater vulnerability to drought-induced xylem embolism of P. sylvestris in 

comparison to the other pine species (Martínez-Vilalta et al. 2004; Bréda et al. 2006). Scots 

pine responds to severe droughts by increasing the diameter of tracheids while decreasing 

their number, which might lead to a sharp reduction in radial growth, and, thus, to an 

impairment of water transport through the xylem (Eilmann et al. 2009). Scots pine, however, is 

an introduced species in the studied location, and these plantations maybe established well 

beyond the natural southern edge of the species’ distribution area (Fernández-Cancio et al. 

2011).  

Our validation test values (Table 6) were quite similar in magnitude to comparable BAI-

models of other European tree species (Monserud and Sterba, 1996; Andreassen and Tomter, 

2003; Dobbertin, 2005). Similar trends have been reported for other pine species (Kobe et al. 

1996; Zavala et al. 2011) which suggest that pines are very vulnerable to growth suppression.  

Suppressed trees were more prone to defoliation and death, particularly in P. sylvestris 

highlighting the importance of the tree position within the stand. Similar results with small Scots 

pine trees have been reported in Austria (Monserud and Sterba, 1999), Norway (Eid and 

Tuhus, 2001), Finland (Alenius et al. 2003) and Spain (Bravo-Oviedo et al. 2006) these being 

more likely to die in extreme events. Mortality risk was also associated with low radial growth 

rates (Jump et al. 2006, Galiano et al. 2010).  

Our results suggest potential evapotranspiration (PET) was also a key variable, with a 

greater impact on damaged than on healthy trees (Carnicer et al. 2011) which suggest that 

Scots pine is strongly limited by the relationship between water availability and demand 

(Poyatos et al. 2007; Martínez-Vilalta et al. 2008). Overall, the effect of temperature on the 

growth of both species was negative, but this net effect can included a strong interaction with 

water availability: in wet years, higher temperatures resulted in greater BAI, whereas the 

opposite happened during dry years. This increase in atmospheric demand may explain 

summer PET impact on both decline and growth models (Jung et al. 2010; Vilà-Cabrera et al. 

2011).  
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Tree growth was relatively higher in trees with healthy crowns and lowest in trees with 

heavily declining crowns. However, crown status was related to the values of tree-ring 

increment over previous years, partly resulting from autocorrelation effects within tree-ring 

chronologies (Sánchez-Salguero et al. 2010, 2012b). A decrease in slope of the basal area 

increment has been used to predict the observed symptoms of tree decline (Dushesne et al. 

2003). Therefore, measuring the tree’s increment trend can be used as an indicator that 

precedes the emergence of visible canopy symptoms and to assess the vigour of trees (Bigler 

and Bugmann, 2003). 

Several studies have previously confirmed the relation between crown condition and tree 

rings in tree dieback processes (e.g., Dobbertin and Brang, 2001; Dobbertin, 2005) on Scots 

pine. Other studies have been shown to significantly correlate between tree rings and the 

degree of crown defoliation in several species across Europe (Juknys et al. 2003; Dobbertin, 

2005).  

Species and damage class differences in decline and growth models during drought and 

high competition are probably due to a diverse range of physiological and morphological 

adaptations (Camarero et al. 2010). Constraints on balancing carbon gain and water loss are 

also thought to impose a trade-off between competition and drought tolerance (Smith and 

Huston, 1989) in un-managed plantations. The proposed trade-off is premised on the 

assumption that competition tolerance is achieved by maximizing low-light carbon gain (Smith 

and Huston, 1989; Caspersen and Kobe, 2001), which increases stomatal conductance of both 

carbon dioxide and water vapor; higher in P. sylvestris (Eurosiberian specie) than in P. nigra 

(Mediterranean specie). Thus, artificial stands may face inevitable constraints on growth when 

crown height and water are simultaneously limiting (Lines et al. 2012). A possible explanation 

for our results is that the ability to survive limitation by one resource may be associated with a 

conservative strategy that confers tolerance of multiple limiting resources, which was different 

across the species studied (Camarero et al. 2010). Indeed, there is a common set of traits that 

characterize plants found in low resource environments, including low maximum rates of 

resource acquisition, photosynthesis, and growth which allows plants to survive resource 

limitation (Chapin, 1991). These mechanisms are regulated by biotic and abiotic factors in 

artificial stands.   

A significant part of the uncertainty associated with growth and damage predictions is 

related to dieback-mortality process, so that appropriate mortality and damage-dieback 

models are generally vital for any analysis of large-scale forestry scenarios. Silvicultural 

practices, such as intensive thinning operations carried out during the early damage stage, can 

alter survival and damage patterns; therefore, the monitoring of the defoliation process should 
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be carried out in stands under different conditions to allow prediction of survival at any point 

in the life of a plantation. 

 

5 Conclusions 

 Several research works in Europe have illustrated how tree growth and defoliation can 

serve as a tree-vitality or stress indicator depending on the type and extent of the stress 

factor (Dobbertin, 2005). In addition, dendrochronological data serve as a valuable 

complement to visual inventories, providing the advantage of a retrospective analysis of 

growth conditions with an annual and seasonal resolution. Tree growth and crown defoliation 

may complement each other to understand the forest decline process. It is therefore important 

to also monitor the possible stress factors and environmental conditions affecting tree growth 

and crown defoliation, to identify the stage of the decline process (Manion, 1981). 

The decline models developed for P. nigra and P. sylvestris reveal that the damage 

probability of a tree is conditioned by the tree size, competition (predisposing factors) and 

climate conditions (inciting and contributing factors), but there was a remarkable difference in 

how competition affects the survival process in both studied species. This result confirms the 

Mediterranean character of P. nigra compared to P. sylvestris and the significance of 

belowground resource competition in the Mediterranean region. 

Our results demonstrated that crown defoliation (assessed in two 50% classes) is an useful 

parameter to predict decline stages. Decline and growth models are a promising approach to 

achieve this (Dobbertin, 2005). This is very useful from the point of view of model fitting, since 

the crown damage of all trees is usually measured in traditional forest inventories. The models 

developed relating decline and growth processes to stands can represent a valuable 

contribution to guidelines on forest management techniques that will be required to meet 

changing objectives, specifically the early stages of transformation from even-aged to 

irregular structure, and they should be incorporated into overall forest guidance rather than 

used in isolation.  

In conclusion, our study documents an episode of multifactor forest decline in a forest 

under increasing drought without pests or diseases (Navarro-Cerrillo et al. 2007). At that 

scale, defoliation and mortality were mostly associated with the local water availability in 

Filabres. The high damage and low growth rates found in this study, favor the decline process 

are increasing under current conditions. This decline process observed at the local scale 

supports biogeographical approaches revealing that many rear-edge populations of Scots 

pine and Black pine sheltered in the mountain environments of the Iberian Peninsula could be at 

risk under future climate scenarios (Galiano et al. 2010; Linares and Tiscar, 2010; Vilà-
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Cabrera et al. 2011). At the same time, the relevance of forest management as thinning 

treatments and sustainable harvest activities could potentially be used to mitigate the effects 

of climate change on high-density artificial stands in the Mediterranean Basin (Millar et al. 

2007; Galiano et al. 2010; Gomez-Aparicio et al. 2011). 
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Drought and management drive forest decline in rear-edge Pinus nigra forests 

 

Abstract  

Under current climatic change, the southernmost European mountain conifers forests are among 

the most vulnerable areas to drought-induced decline. The relative importance of drought 

stress and management as potential drivers of decline in European conifer forests have not 

been properly quantified. Rear edge forests, i.e. those located near the southernmost limit of 

distribution of tree species (usually in xeric sites), provide a valuable system to evaluate the 

effects of drought on decline. The role of management may be quantified by comparing the 

growth and defoliation responses to water shortage of natural vs. planted rear edge forests. 

Here, we compare growth and vigour change in drought-stressed natural and planted Pinus 

nigra in Andalusia, SE Spain. We analyze how climatic (temperature and precipitation 

anomalies), environmental (site conditions, insect defoliation) and structural (tree size, density) 

variables measured at the stand and tree levels from the Andalusian Forest Monitoring 

Network (AFMN) are related to radial-growth trends and defoliation records. We use 

dendrochronological methods, linear mixed-effects models of basal area increment and 

structural equation models to characterize the growth responses of natural vs. planted stands 

to drought, management and insect defoliation. In the study area a temperature rise and a 

decrease in spring precipitation have led to drier conditions during the late twentieth century 

characterized by severe droughts in the 1990s and 2000s. Trees from planted stands 

experience stronger growth reductions during severe drought episodes than those from natural 

ones, explaining why the latter were less vulnerable to drought stress than the former. The 

decline probability of a tree was conditioned by its size, the competition degree, drought 

stress and insect defoliation. We observed a remarkable difference in how competition and 

climate drive growth process in natural and planted stands, for the latter with significant 

negative effects. The sharp growth reduction and widespread defoliation of planted stands 

confirms their more vulnerable character compared to natural ones in a forecasted warmer 

and drier climate in the Circum-Mediterranean region. In order to avoid or limit further growth 

declines in planted trees, managers could promote less dense stands in the less xeric areas or 

replace P. nigra by more drought-resistant species. 

 

Key words: Andalusia, basal area increment, climatic change, defoliation, dendroecology, 

drought, plantations, Pinus nigra  
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La sequía y la gestión como factores del decaimiento forestal en los bosques meridionales 

de P. nigra 

Resumen 

 

Ante el actual cambio climático, las poblaciones meridionales de coníferas de montaña de 

Europa se encuentran entre los bosques más vulnerables al decaimiento inducido por sequía. 

La importancia relativa de la sequía y la gestión pasada como potenciales factores del 

decaimiento forestal en los bosques de coníferas de Europa no han sido debidamente 

cuantificada. Los bosques meridionales, es decir, los situados cerca del límite sur de 

distribución de las especies (por lo general en sitios más xéricos), proporcionan un valioso 

ecosistema para evaluar los efectos de la sequía en el decaimiento forestal. El papel de la 

gestión puede ser cuantificada mediante la comparación de las respuestas del crecimiento y 

defoliación a la escasez de agua de los bosques meridionales naturales frente a repoblados. 

En este sentido, comparamos el crecimiento y el cambio en vigor de bosques naturales y 

repoblados de Pinus nigra sometidos a sequía en Andalucía, SE de España. Analizamos cómo 

las variables climáticas (anomalías en temperatura y precipitación), ambientales (sitio, plagas) 

y estructurales (tamaño del árbol, densidad) medidas a nivel de rodal y árbol en la Red de 

Equilibrios Biológicos Andaluza (REB) están relacionados con las tendencias en crecimiento 

radial y defoliación. Utilizamos métodos dendrocronológicos, modelos lineales mixtos de 

incremento de área basal y modelos de ecuaciones estructurales para caracterizar las 

respuestas del crecimiento de bosques naturales y repoblados frente a la sequía, la gestión y 

los insectos defoliadores. En el área de estudio un aumento de temperatura y una disminución 

en las precipitaciones de primavera han dado lugar a condiciones más secas a finales del 

siglo XX, que se caracterizó por las graves sequías de los 1990 y 2000. Los árboles 

repoblados sufrieron mayores reducciones del crecimiento que los naturales durante las 

sequías extremas, lo que explica la menor vulnerabilidad de estos últimos a la sequía. La 

probabilidad de decaimiento de un árbol estuvo condicionada por su tamaño, el grado de 

competencia, el déficit hídrico y la defoliación por insectos. Se ha observado una notable 

diferencia en como la competencia y proceso del cambio climático afectan el crecimiento en 

rodales naturales y plantados, en este último produce efectos negativos significativos. La 

fuerte reducción del crecimiento y la defoliación generalizada de las repoblaciones confirman 

su carácter más vulnerable en comparación con los naturales, en un clima más cálido y seco 

pronosticado para la región Circum-Mediterránea. Con el fin de evitar o limitar nuevos 

decaimientos forestales de las repoblaciones, los gestores podrían promover repoblaciones de 

menor densidad en las zonas menos xéricas o reemplazar P. nigra por especies más resistentes 

a la sequía. 

 

Palabras clave: Andalucía, incremento de área basal, cambio climático, defoliación, 

dendroecología, sequía, repoblaciones, P. nigra 
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1 Introduction  

According to climatic models a generalized rise in temperature and a potential decline in 

annual rainfall are expected in the Circum-Mediterranean area within the current century 

(IPCC, 2007). As several works have reported (Linares et al. 2009; Allen et al. 2010; Galiano 

et al. 2010; Sarris et al. 2010; Carnicer et al. 2011), drought stress is probably the main 

reason for the current forest decline of conifer woodlands in southern Europe. Some of the 

southernmost European mountain conifer forests located in Andalusia (southern Spain) are 

among the most vulnerable areas for the loss of tree species and populations, particularly 

relict ones, due to climatic change (Bakkenes et al. 2002; Sánchez-Salguero et al. 2012a). 

The processes leading to forest decline are still poorly understood because several stress 

factors in addition to drought may interact at different temporal scales leading to lagged 

cause-effect relationships (Manion, 2003, Camarero et al. 2011). Stress factors act 

successively within the Manion (1981) conceptual model of tree decline causing a progressive 

loss in tree vigour. The model starts by considering predisposing factors (e.g., site conditions), 

being these followed by inciting factors (e.g., drought) and finally ending with contributing 

factors (e.g., secondary pathogens). However, few studies have assessed the role of past 

management on forest decline (Camarero et al. 2011) and how this component, theoretically a 

predisposing factor, may be included within a framework similar to that proposed by Manion 

(1981). This may be accomplished by comparing how growth and vigour change between 

drought stressed natural forests and plantations of the same species.  

Marginal tree populations located near the xeric souther limit (rear edge) of the species 

distribution area may serve as a valuable model for assessing how sensitive are tree 

populations in response to drought stress (see Sánchez-Salguero et al. 2012a). On the other 

hand, the Mediterranean Basin is one of the world regions with the largest proportion of 

planted pine forests (FAO, 2006). For instance, the Spanish Reforestation Plan of 1939 

planted more than 3.5 million ha of forests, mainly pine species, but reduced post-plantation 

thinning has often resulted in high-density stands (Montero, 1997; Gómez Aparicio et al. 

2011). These dense and potentially vulnerable pine plantations have shown a high risk of 

dying under severe drought stress since they were often planted under favorable climatic 

conditions, i.e. wet periods, which turned unfavorable, i.e. dry periods, during the past decades 

(Martínez-García, 1999; Sánchez-Salguero et al. 2012b). Hence, pine plantations near the 

rear edge of the species distribution area may be valuable monitors of drought effects on 

impending decline because they are homogeneous, in terms of genetic origin, structure and 

dynamics, as compared with natural stands. 
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The black pine (Pinus nigra Arn.) is widely distributed in southern Europe, where it covers 

a wide latitudinal and longitudinal gradient, from Austria to Algeria and from Turkey to Spain 

(Barbero et al. 1998). The subspecies P. nigra subsp. salzmannii (Dunal) Franco covers over 

350,000 ha in Spain (Figure 1a). The Iberian P. nigra forests represent the southwestern limit 

of distribution of the species and some Andalusian stands include some of the driest sites where 

P. nigra grows (Navarro-Cerrillo et al. 2012). Dendrochronological studies have revealed that 

both climate warming and recurrent drought events negatively affected Iberian P. nigra forests 

during the second half of 20th century (Andreu et al. 2007; Linares and Tiscar, 2010; Martín-

Benito et al. 2010a). Further, these declining growth patterns have been observed in natural 

stands and also in planted populations (Sánchez-Salguero et al. 2012a,b). Therefore 

comparing growth and vigour changes in response to drought in natural (unmanaged) and 

planted (managed) P. nigra forests which may allow quantifying the role of past management 

on forest decline.  

The analyses of drought-induced decline must be based on the establishment of 

relationships between growth, vigour status (defoliation, mortality) and the stress factor 

(Wunder et al. 2006). Yet, establishing these statistical relationships is difficult because of the 

highly variable nature of decline over space and time (Hawkes, 2000). Thus, it is only possible 

to evaluate the accuracy of growth-vigour models against actual data by using long-term 

monitoring permanent plots. Here, we analyze how environmental, structural and climatic 

variables measured at the stand and tree levels modulate the contributing effects of warming-

induced drought stress on growth in natural vs. planted P. nigra forests. We evaluate how 

drought leads to decline in the southernmost P. nigra forests by following a 

dendrochronological approach and using assessments of crown defoliation, here considered as 

a surrogate of tree vigour, measured in long-term monitoring plots of the regional Andalusian 

Forest Monitoring Network (hereafter AFMN).  

Our aims were: (1) to test if natural and planted P. nigra stands have shown contrasting 

radial-growth responses to drought, (2) to investigate, at the individual tree level, the 

relationships among growth patterns and sensitivity to drought as predictors of recent crown 

defoliation, and (3) to determine if stand variables (tree size, tree-to-tree competition), biotic 

factors (insect outbreaks) and drought stress act synergistically causing forest decline.  

We hypothesize that contrasting spatial and temporal changes in growth and crown 

defoliation of P. nigra forests could be related to the differential vulnerability of natural vs. 

planted stands to extreme drought events. Growth responses to drought could be differentially 

explained by the combined negative effects on tree vigour of long-term temperature rises and 

short-term precipitation drops, and we speculate that planted and natural stands would 
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respond differentially to these two climatic stressors. Given the recent increase in drought 

severity in the study area (De Luis et al. 2009a), we expect that dense planted stands would 

show a higher vulnerability to drough-induced declined than natural stands. 

 

2 Material and Methods  

2.1 Study area 

The study area is located in eastern Andalusia, southern Spain (Figure 1a), and includes 

the southern limit of distribution of P. nigra subsp. salzmanii which comprises forests recently 

affected by drought-induced decline (Linares and Tiscar, 2010; Sánchez-Salguero et al. 

2012a). In this area 44,000 km2 are currently forested (CMA, 2009). Mountain systems 

surround the region and lie on both sides of the Guadalquivir River Basin, with palaeozoic and 

siliceous materials dominant in the north, and limestone and sandstone substrates prevailing in 

the south. The climate is Mediterranean, with mean annual precipitation varying between 140 

and 2153 mm. Dry and warm summers (average July temperature is within the range 15 31 

ºC; precipitation varies from 0 to 39 mm) are followed by cold winters (average January 

temperature is within the range -2 12 ºC) (Spanish National Meteorological Agency, AEMET 

2010). The main P. nigra forests in eastern Andalusia are dominated by natural stands located 

in cold, northern-oriented and high-elevation sites (1500–2270 m) and occupy ca. (107,000 

ha). Planted forests cover a larger area (40,000 ha) and they were mostly established in the 

1960s and 1970s using seeds collected in southern and central Spain (Figure 1b) (Alía et al. 

2005; Ruiz de la Torre 2006). 
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Figure 1. Distribution of P. nigra in the Circum-Mediterranean area (A) (the subpspecies P. nigra subsp. salzmannii 

is mainly distributed in Spain and southern France –area delimited by the dashed line). Andalusian forest 

monitoring network (AFMN) plots (black circles) and the distribution of natural and planted P. nigra forests (B). 

Location of the study sites (natural stands, empty circles; planted stands, filled circles) and local meteorological 

stations (squares) used to derive the regional climatic series (C) (see sites codes in Table 1). 

 

The data used in this study were collected in the Andalusia adaptation of ‘‘Pan-European 

Programme for Intensive and Continuous Monitoring of Forest Ecosystems’’ within the context of 

the European Scheme on the Protection of Forests against Atmospheric Pollution (EC) and the 

International Cooperative Programme on Assessment and Monitoring of Air Pollution Effects on 

Forests (ICP Forests of UN-ECE) (Dobbertin 2004). The intensive monitoring plots have been 

established since 1985 based on a 16-km grid covering Europe. In addition, the Andalusian 

government established in 2000 a regional forest monitoring network (AFMN) with the same 

harmonized criteria, but based on a 8-km grid covering the forested surface of Andalusia 

(2,106,252 ha) (for more details, see Figure 1b and Supporting Information). The AFMN 

sampled a total of 408 circular plots distributed systematically and each plot had a variable 

radius but always included 24 trees (Figure 1b).  

 

2.2 Climate data 

We used monthly climatic data (mean temperature, total precipitation) for the period 

from 1950 to 2010 obtained from 200 local meteorological stations located in the study area 
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and provided by AEMET (Figure 1c). Temporal trends of monthly temperature and 

precipitation were estimated separately for plantations and natural forests considering the 

stations located near each site. A general climatic description is shown in Figure 2. To asses 

spatial and temporat climate variability two datasets were used: (1) Climatic data were 

spatially analyzed by implementing them in a Geographic Information System (GIS) 

environment with a 10-m spatial resolution. We used the average ratio of precipitation (P) to 

potential evapotranspiration (PET; calculated following Thornthwaite (1948) method) from 

June to August as a proxy of summer drough stress (summer P/PET). Low and high values of 

summer P/PET correspond to dry and wet conditions, respectively (Martínez-Vilalta et al. 

2008). (2) Annual standardized temperature and precipitation anomalies were obtained for 

each plot considering the growing period from March to August (hereafter abbreviated as 

ATgrow and APgrow for temperature and precipitation, respectively) (see Vilà-Cabrera et al. 

2011). This period was selected because the maximum radial-growth rates of this and other 

similar pine species occur then (Camarero et al. 2010).The years with the most negative 

APgrow values, i.e. the highest water deficits, during the second half of the 20th century were 

(natural vs. planted stands): 1983 (-1.53 vs -1.54 mm), 2005 (-1.54 vs -1.41 mm), 1987 (-

1.29 vs -1.28 mm), 1994 (-1.27 vs -1.23 mm), 1999 (-0.95 vs -1.24 mm), and 1995 (-0.86 vs  

-0.79 mm). Since 1950, the years with the most positibe APgrow values or lowest water 

deficits were (natural vs. planted stands): 1971 (2.22 vs 1.95 mm), 1975 (1.32 vs 1.49 mm), 

1960 (1.63 vs 1.12 mm), 2004 (1.17 vs 1.63 mm), 1969 (1.63 vs 1.12 mm) and 1984 (1.53 

vs 0.71 mm). Therefore, we selected four recent dry years characterized by very low APgrow 

values (1994-1995, 1999 and 2005) to perform further analyses on growth responses to 

severe droughts. 
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Figure 2. Trends in the study area of precipitation (APgrow) and temperatures (ATgrow) anomalies, in the 

growing season (from March to August) in natural (A) and planted (B) P. nigra stands. Analyzed period from 

1950 to 2010.  

 

2.2 Sampling methods and dendrochronological analyses 

We selected all the AFMN plots where P. nigra was dominant, which contained more 

than 14 trees per plot. This selection gave a total of 18 plots including 10 planted and 8 

natural stands with contrasted structures (Figure 1c; Table 1). The selected AFMN plots contain 

annual crown condition assessments for the period 2000–2010 (following UN/ECE, 1994 

methodology); growth-increment measures (height, dbh diameter at breast height measured 

at 1.3 m) taken every fifth year and annual observations of recent disturbances (i.e. insect 

outbreak, drought damage). We excluded from the analyses suppressed trees and trees with 

physical damages due to storms, windy conditions or snow load. The intensity of defoliation by 

the lepidoptearn Thaumetopoea pytiocampa, the pine processionary moth (hereafter 

abbreviated as PPM), was also assessed anually using a 6-degree scale of defoliation degree 

adopted within the AFMN network and ranking from no defoliation (0) to complete defoliation 

of the stand (5). The PPM is the major defoliator of Andalusia pine stands and it preferentially 

feeds on 1-year old needles during winter thus affecting radial growth the next spring (Hódar 

et al. 2003). We only considered the occcurence of strong defoliations (defoliation intensity 
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>3 in the AFMN system). In 2005, a severe PPM defoliation affected some of the studied 

stands being its incidence particularly severe in some natural stands. 

In each plot at least 12 trees were cored at 1.3 m with a Pressler increment borer and 

two cores were sampled per tree. Cores were air dried, sanded and visually cross-dated, and 

their ring-width series were measured to the nearest 0.001 mm with a a LINTABTM measuring 

device (Rinntech, Heidelberg, Germany). Cross-dating quality was checked using COFECHA 

(Holmes, 1983) and used to check the consistency of the different ring-width series among 

trees coexisting within the same plots. The trend due to the geometrical constraint of adding a 

volume of wood to a stem of increasing radius was corrected by converting tree-ring widths 

into basal-area increments by using the following equation: 

    BAI = π (R2
t – R2

t-1)       (1) 

where R is the radius of the tree and t is the year of tree-ring formation (Table 2). In the case 

of cores without pith, we estimated the missing rings by using a geometrical method and taking 

into account the mean growth rate of the innermost rings present in samples with pith. 

To quantify climate-growth relationships, tree-ring width chronologies were 

standardized and detrended by using the program ARSTAN (Cook, 1985). Tree-ring widths 

were converted into indices by dividing observed values by expected values estimated using 

negative linear regressions. Autoregressive modelling was performed on these series to model 

and to remove the first-order temporal autocorrelation. Finally, a biweight robust mean was 

computed to average the standardized individual series and to produce mean residual (pre-

whitened) chronologies of tree-ring width indices for each plot.  

To assess the quality of tree-ring width plot chronologies several dendrochronological 

statistics were calculated considering the common interval 1970-2010 (Fritts, 1976): AR1, the 

first-order autocorrelation of raw tree-ring width data, a measure of the year-to-year growth 

similarity; MS, the mean sensitivity of residual chronologies which measures the year-to-year 

variability in width of consecutive rings; rbt ,the mean between-trees correlation which 

quantifies the similarity in residual width indices among trees, PC1, the percentage of variance 

explained by the first principal component which is an estimate of the common variability in 

growth among all trees at each site. The chronology segment with expressed population signal 

(EPS) values higher than 0.85 was regarded as reliable and used in further climate-growth 

analyses, being EPS a measure of the statistical quality of the mean site chronology as 

compared with a perfect infinitely replicated chronology (Wigley et al. 1984). Finally, the 

shared variation among residual chronologies in the common period 1970-2010 was 

evaluated using principal component analysis (PCA) for both natural and planted stands.  
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We related tree-ring width indexed chronologies to monthly climate data (mean 

temperature and total precipitation, period 1970–2010) using Pearson correlation coefficients 

and response functions considering separately plantations and natural stands. Response 

function coefficients were based on bootstrapped stepwise multiple regressions computed on 

the principal components of climatic variables (Fritts, 1976). Mean regression coefficients were 

regarded as significant (P<0.05) if they were at least twice their standard deviation after 

999 bootstrapped iterations. Climate-growth relationships were analyzed from August of the 

previous year up to September of the year of tree-ring formation based on previous studies in 

P. nigra (Creus and Puigdefabregas, 1983; Richter et al. 1991; Génova and Martínez-

Morillas, 2002; Linares and Tiscar, 2010). Correlation and bootstrap response functions were 

calculated using the program Dendroclim2002 (Biondi and Waikul, 2004). 

 

2.3 Growth trends 

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

logarithm transformations were applied when necessary (BAI). 

We quantified the relative reduction in BAI of natural and planted forests, caused by 

selected severe droughts (1994-1995, 1999 and 2005). We calculated the relative BAI 

reduction (BAIred) as follows:  

  BAIred = 100 ((BAID – BAID-1) / (BAID + BAID-1) / 2)    (2) 

where BAID and BAID-1 are the BAI values for the drought year and the previous one, 

respectively. In all cases BAID was lower than BAID-1. In the case of the consecutive droughts in 

1994 and 1995 the BAID value was considered as the mean BAI value for those two years. 

 

2.4 Dynamic Factor Analysis 

Dynamic factor analysis (DFA) is a technique used to detect and estimate common trends 

in time series (see Zuur et al. 2003). We used DFA to calculate and compare underlying 

common trends patterns in BAI data of the planted vs. the natural stands as related to climatic 

trends (Linares et al. 2010a). Based on response functions established in the same study area 

for natural (Creus and Puigdefabregas, 1983; Ritcher et al. 1991; Fernández-Cancio et al. 

1996; Linares and Tiscar, 2011; Navarro-Cerrillo et al. 2012) and planted forests (Martín-

Benito et al. 2008a,b), we evaluated if divergent BAI trends between planted and natural 

forests could be explained by the combined effects of anomalies in temperature (ATgrow) and 

precipitation (APgrow).  
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First, we obtained standardized BAI series for the period 1970-2010, when sample size 

was constant. Second, these series were modeled as linear combination of stochastic nonlinear 

trends. Several combinations of trend numbers and error covariance matrices were 

investigated. The optimal number of common trends was based on the lowest values of the 

Akaike information criterion (AIC), and a symmetric error covariance matrix was used for the 

noise term. The selected models were of the type Data = M common trends + explanatory 

variables + noise with M = 2. We performed a maximum number of 1500 iterations with a 

stop criterion Epsilon (difference in likelihood) set to 0.00001 (Zuur et al. 2003). DFA was 

calculated using the Brodgar ver. 2.6.6 software (Highland Statistics Ltd., Newburgh, UK). 

 

2.5 Growth-defoliation modelling 

Linear Mixed-effects Models (LMM) were used to assess how tree size (dbh), degree of 

defoliation (including PPM defoliation damage), stand development and competition (assess as 

current stand density) and climatic variables (APgrow, ATgrow and summerP/PET) drove 

growth (log-transformed BAI) in natural vs. planted stands. We focused on BAI trends for the 

period 2000–2010, when annual defoliation records are available for all studied plots. The 

predictor variables and their interactions were introduced as fixed effects. First, BAI was 

modeled as a function of time. Second, we introduced tree size (dbh) and competition (density) 

variables one by one to contrast the individual contribution of each of these variables to BAI 

variability. Lastly, we explored the influence of defoliation data and climatic variables 

(APgrow, ATgrow and summer P/PET). A final composite model was built using all fixed 

factors, retaining only the significant effects and including a first-order autocorrelative term to 

account for the effects of temporal autocorrelation in growth. Spatial Moran correlograms 

(MC) of the residuals of the growth model were calculated, to deal with the effect of spatial 

autocorrelation on growth following Qian and Kissling (2010). To choose the most parsimonious 

model, we selected that with the lowest Akaike Information Criterion (AIC) (Burnham and 

Anderson, 2002). Statistical analyses were carried out with the packages nlme, stepAIC and 

corAR1 of the R software (R Development Core Team 2011). Significance for statistical 

analyses was accepted at α<0.05. 

 

2.6 Structural equation modelling  

We used structural equation modeling (SEM) to quantify the effects of multiple 

correlated drivers, expressed as standardized path coefficients (usually drawn as arrows), on 
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drought-induced forest decline (Grace, 2006). We first constructed an a priori model of our 

system wherein the significant variables in the growth (ratio between 2005 BAI and the 2000-

2004 mean BAI) and defoliation (mean defoliation over 2006-2010 period) (endogenous 

variables) were entered as a function of exogenous variables (predictors), namely water 

availability (mean value of the APgrow over the 2000-2010 period), management (mean 

stand density for the period 2000-2010) and PPM defoliation (binary variable: ausence or 

presence of strong defoliations). 

Then, we selected those models with the best fit by comparing the actual covariance 

matrices representing the relationships between variables and the estimated covariance 

matrices for each type of stand. The best fitted model was selected based on several 

complementary goodness of fit indices: a high probability values (P) related to the χ2 test 

which compares the observed and modeled covariance matrices, a low AIC indicating a 

parsimonious model, and a high (close to 1) Goodness-of-Fit Index (GFI) and a low (close to 0) 

robust root mean square error of approximation (RMSEA) (Grace, 2006). Since SEM does not 

allow correcting for the effects of spatial autocorrelation on significance levels of path 

coefficients, alternatively we validated each path by using spatially explicit LMMs following 

Bartomeus et al. (2011). We fitted SEMs by the method of maximum likelihood with 

multinomial errors and using AMOS 19 (Arbuckle, 2010). 

 

3 Results 

3.1 Climate trends 

In the study area we observed significant and opposite trends in anomalies of annual 

mean temperature (increasing) and total precipitation (decreasing) of the growing period since 

1950 (Figure 2). The latter was mainly due to the long-term decrease in spring rainfall over 

the 20th century. The mean temperature increased significantly in natural (r= 0.10, P < 0.05) 

and planted (r=0.40, P<0.001) stands at average rates of +0.02 and +0.06 ºC yr-1, 

respectively (Figure 2). This reduction in precipitation amount during the growing period was 

more intense in planted (r = -0.24, P = 0.01, mean reduction -0.9 mm yr-1) than in natural 

stands (r = -0.11, P = 0.05, mean reduction -0.3 mm yr-1). Overall, the early 1960s (mean 

APgrow anomaly in natural vs. planted = 0.20 vs. 0.25 mm) and 1970s (0.35 vs. 0.36 mm) 

were wet decades and the 1990s (-0.36 vs -0.37 mm) and 2000s (-0.07 vs -0.19 mm) were 

very dry ones (Figure 2).  
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3.2 Structure and growth patterns 

The sampled P. nigra forests in the natural (planted) sites were on average 97 (35) 

years old and their mean dbh and height were 37.9 cm (17.9 cm) and 16.2 m (8.4 m), 

respectively (Table 1). The sites with highest density were plantations (1000 stems ha-1 vs stems 

560 ha-1 in natural stands), and they were also located at significantly (F= 6.20, P < 0.05) 

drier sites (569 mm vs 820 mm) than natural stands (Table 1). The mean BAI for the period 

1970-2010 was significantly lower (F=12.1, P < 0.05) in planted (4.82 cm2 yr-1) than in 

natural stands (9.37 cm2 yr-1).  
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Table 1. Sites description and characteristics of selected P. nigra plots in Andalusia, southern Spain. Values are means (SD).   

Stand 

type 

Site 

code 

Latitude 

(N) 

Longitude 

(W) 

Elevation 

(m a.s.l.) 
Aspect 

Slope 

(º) 

Dbh 

(cm)* 

Height 

(m) 

Density 

(stems ha
-1

) 

Tm 

(ºC) 

P 

(mm) 

Plantation PNP1 37º41’23’’ 2º10’15’’ 1389 E 10 20.8 (7.0) 7.8 (2.7) 650 11.4 430 

Plantation PNP2 37º13’47’’ 2º21’30’’ 1567 N 25 16.0 (2.6) 6.2 (0.7) 1100 11.3 398 

Plantation PNP3 37º04’52’’ 2º58’04’’ 2103 NW 15 21.4 (2.8) 9.6 (0.9) 1300 9.1 583 

Plantation PNP4 37º15’26’’ 2º43’43’’ 1338 E 5 17.3(6.1) 8.0 (2.3) 650 12.4 488 

Plantation PNP5 37º08’29’’ 3º04’15’’ 1884 S 16 16.5 (4.0) 9.7 (0.8) 1100 10.4 372 

Plantation PNP6 38º08’44’’ 2º37’35’’ 1428 SE 5 23.8 (3.5) 11.2 (1.1) 1000 11.3 920 

Plantation PNP7 38º02’21’’ 2º52’57’’ 1233 N 21 19.4 (3.3) 11.7 (1.3) 900 13.2 942 

Plantation PNP8 37º13’14’’ 2º26’23’’ 1891 SW 4 13.2 (3.2) 6.7 (0.6) 1200 10.8 393 

Plantation PNP9 36º53’47’’ 2º44’46’’ 1489 NE 29 13.7 (2.7) 6.6 (0.7) 1100 11.5 404 

Plantation PNP10 37º23’20’’ 2º50’45’’ 1484 NW 24 17.1 (4.7) 6.5 (1.6) 1000 11.0 760 

Natural PNN1 38º17’56’’ 2º33’49’’ 1383 SE 20 34.4 (6.9) 16.7 (2.8) 350 11.5 888 

Natural PNN2 37º53’54’’ 2º51’17’’ 1478 S 8 54.7 (19.0) 18.9 (6.1) 250 11.3 1000 

Natural PNN3 37º48’17’’ 3º01’12’’ 1053 SE 19 33.0(14.9) 14.9 (6.6) 900 13.7 835 

Natural PNN4 37º48’54’’ 2º55’43’’ 1430 NW 17 31.3 (6.7) 14.8 (1.4) 650 11.5 856 

Natural PNN5 38º12’28’’ 2º37’32’’ 1199 W 31 35.8 (11.4) 15.6 (3.4) 750 12.2 1010 

Natural PNN6 37º53’02’’ 2º56’10’’ 1209 S 20 41.7 (12) 17.8 (6.9) 800 12.4 931 

Natural PNN7 37º55’33’’ 2º34’19’’ 1517 W 9 29.6 (7.8) 18.1 (3.8) 450 11.0 569 

Natural PNN8 37º12’04’’ 3º10’27’’ 1966 SE 17 43.1 (13.7) 12.5 (4.1) 350 10.0 467 
* Diameter at breast height measured at 1.3 m (data from Forest Inventory 2011). Abbreviations of variables: Tm, mean annual temperature; P, total annual precipitation 
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The first-order autocorrelation (AR1) of tree-ring width series was higher in planted than 

in natural stands (F= 22.3, P<0.05), suggesting a higher year-to-year persistence in growth of 

the former as compared with the latter stands, whereas the mean sensitivity was higher in 

natural than in planted stands indicating a higher inter-annual variability in the former as 

compared with the latter stands (F= 13.3, P < 0.05) (Table 2). The mean correlation between 

trees (rbt) and the expressed population signal (EPS) were higher in planted than in natural 

stands (F= 14.7, P < 0.05) indicating a higher growth coherency among trees in plantations 

than in natural stands.  

The selected dry years during the late 20th century (1994-1995, 1999 and 2005) 

coincided with sharp reductions in tree-ring width indices in both planted and natural stands 

(Figure 3a). The maximum reduction in growth was detected for trees from natural stands in 

response to the 2005 drought, being significantly higher than in the rest of dry years (Figure 

3a). The PCA showed that natural and planted stands presented different growth patterns. The 

first and the second principal components (PC) accounted for 29.5% and 22.1% of the total 

variation in growth, respectively (Figure 3b).  

The mean relative reduction in BAI (BAIred) in response to the selected droughts was 

significantly higher in planted (53.4 ± 5.5%) than in natural stands (35.7 ± 7.5%) (Mann-

Whitney U test = 4.00, P= 0.005). The maximum BAIred was also detected for planted stands, 

particularly in response to the 1994-1995 (51.3%) and 1999 (61.1%) droughts. However, 

natural stands showed higher BAIred values in 2005 (63.5%) than planted ones (48.8%).  
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Table 2. Dendrochronological statistics based on growth series for each plot. The statistics and mean basal area increment (BAI) were calculated for the common period 1970-

2010. All statistics were calculated for residual series excepting AC which was obtained for raw tree-ring width data. 

 

 
Age (SD)  

(years)/oldest 

BAI (SD) 

(cm
2
 yr

-1
) 

Dendrochronological statistics 

Site code   AR1 MS rbt PC1 (%) EPS 

PNP1 48 (4) 2.27 (0.66) 0.683 0.330 0.700 60.87 0.979 

PNP2 28 (2) 6.40 (2.72) 0.733 0.278 0.761 53.53 0.982 

PNP3 35 (2) 7.09 (2.67) 0.823 0.289 0.722 56.32 0.977 

PNP4 40 (2) 2.95 (1.01) 0.747 0.366 0.656 63.72 0.975 

PNP5 29 (3) 6.27 (3.57) 0.830 0.264 0.612 64.56 0.977 

PNP6 44 (3) 5.05 (1.92) 0.736 0.232 0.661 41.58 0.983 

PNP7        
PNP8 28 (1) 3.96 (1.70) 0.852 0.247 0.571 45.68 0.959 

PNP9        
PNP10 30(3) 4.57 (2.56) 0.764 0.322 0.621 81.99 0.965 

PNN1 111 (31)/159 10.86 (6.79) 0.603 0.570 0.514 42.15 0.915 

PNN2 134 (38) /271 16.06 (5.01) 0.630 0.467 0.597 58.63 0.901 

PNN3        
PNN4 80 (11)/103 6.65 (1.78) 0.766 0.325 0.626 50.68 0.939 

PNN5 55 (14)/77 7.95 (1.63) 0.705 0.502 0.485 49.53 0.923 

PNN6 70 (43)/169 8.60 (2.02) 0.604 0.319 0.493 47.65 0.952 

PNN7 109 (27)/160 7.84 (0.55) 0.612 0.478 0.438 51.64 0.908 

PNN8 124 (28)/141 7.62 (1.75) 0.528 0.456 0.579 77.64 0.930 
* AR1, first-order autocorrelation; MS, mean sensitivity; rbt, mean between-trees correlation; PC1, variance accounted for by the first principal component; EPS, Expressed Population Signal. 
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Figure 3. Residual tree-ring width chronologies of natural and planted P. nigra stands (grey lines; means in black) as related to severe droughts (1994-1995, 1999 and 2005 

vertical hatched areas) (A). Loadings in the first two principal components obtained from comparing tree-ring width series (period 1970-2009) for natural (empty circles) and 

planted (filled circles) stands (B). The percentage of variance explained by the two components is shown. The sites codes are the same than in Table 1. 
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3.3 Climate-growth relationships 

Current May and June precipitation were positively associated with radial growth, being 

the correlations between ring-width indices and precipitation in these months higher in planted 

than in natural stands, whereas June temperature (minimum, mean and maximum ones) was 

significant and negatively associated with growth only in planted forests (Figure 4, Table 3). 

Wet and cold conditions in January enhanced growth in planted stands. February temperature 

was positively related to growth in both types of compared stands, being stronger this 

association in natural than in planted ones (Figure 4). 
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Figure 4. Relationships between radial growth (tree-ring width indices) and monthly climatic data (mean 

temperatures, mean maximum and minimum temperatures, total precipitation) for natural (black bars) and 

planted P. nigra stands (filled bars). Mean correlations ± SE. Growth is related with monthly climatic data from 

the previous (months abbreviated by lowercase letters) and current (months abbreviated by uppercase letters) 

years, where the current year is the year of tree-ring formation. The bars surpassing dashed lines and the 

asterisks indicate significant (P < 0.05) correlation and response coefficients, respectively. 
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Table 3. Comparisons of climate-growth relationships observed between natural and planted P. nigra trees from 

AFMN; based on correlations (r) between radial growth (ring-width index) and the AP (annual precipitation 

anomalies), Pspring (precipitation from March to May), ATmx (annual mean maximum temperature anomalies). 

The statistics (F, P) of ANOVAs comparing individual tree Pearson correlation coefficients between both 

provenances classes are displayed. 

 

Species Types r F P 

AP 
P 0.29 ± 0.02 

97.2 0.001 
N 0.08 ± 0.01 

Pspring 
P 0.24 ± 0.02 

89.1 0.001 
N 0.05 ± 0.01 

ATmx 
P -0.06 ± 0.01 

21.6 0.001 
N 0.01 ±0.00 

*Code:; P-plantation; N-natural. 

 

3.4 Dynamic factor analysis and trends in basal area increment 

The two common BAI trends estimated by DFA corresponded to a rise in BAI (trend 1), 

with a moderate increase between 1996 and 2010 in natural stands but not in planted ones, 

the last ones showing a steady decreased BAI trend thereafter. The trend 2 was characterized 

by a significant divergence in BAI between both types of stands. In planted stands this second 

trend was characterized by a sustained BAI decline since the dry 1990s (Figure 5). In contrast, 

the second trend in natural forests showed a sustained rising BAI since the early 1980s (Figure 

5). Natural and planted stands showed divergent long-term BAI changes related to trend 1, 

increasing and declining, respectively by  drier and warmest conditions (Figure 5). 
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Figure 5. Main two trends of normalized basal area increment (BAI) as a function of the anomalies of the 

precipitation (APgrow) and of the temperature (ATgrow) of the growing season for planted and natural P. nigra 

stands based on Dynamic Factor Analysis. The dashed lines show the 95% confidence intervals. 

 

3.5 Linear mixed models for BAI and defoliation 

The selected LMMs for BAI and defoliation (planted stands, AIC= -203.6; R2= 0.73; 

MC= 0.14ns; natural stands, AIC= 64.2; R2= 0.79; MC= -0.05ns) showed similar negative and 

positive responses to years with low (e.g., 1994-1995, 1999, 2005) and high (e.g., 1992, 

1997) water availability, respectively. However, the divergence in BAI between natural and 

planted stands was evident after the 1990s droughts. According to these models, both time 

and tree size (dbh) showed significantly divergent effects on BAI for planted and natural 

stands (Table 4). As expected, BAI decreased as defoliation increased being this negative 

effect significant in planted but not in natural stands (Figure 6), whereas BAI decreased in 

response to stand density being this effect particularly strong in the case of planted stands 

(Table 4). 

Lastly, regarding the climatic variables, BAI increased as precipitation during the 

growing period (APgrow) did and decreased with warmer conditions during this period (high 

ATgrow values) in both natural and planted stands. In the same direction, summer P/PET 
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significantly drove BAI, being its positive effect on growth higher in planted than in natural 

stands. Further, the interactive effect of stand density and summer P/PET also affected BAI 

being this influence particularly marked in planted stands, i.e. in planted stands tree-to-tree 

competition modulated the positive effect of wet summer conditions on growth. Finally, the 

interaction between anomalies in temperature and precipitation during the growing period 

(ATgrow x APgrow) affected BAI in different ways showing negative and positive effects in 

planted and natural stands, respectively. This findings suggests that tree growth in plantations 

is particularly sensitive to the negative effects of high temperatures (Figure 5; Table 3 and 4), 

irrespective of water availability.  

 

 

Table 4. Statistical parameters of the evaluated fixed factors and selected interactions in linear mixed-effects 

models fitted to basal-area increment data for the period 2000-2010. Significant (P<0.05) factors are in bold 

characters. 

 

Fixed effects Estimate SE P 

 
Planted 

stand 

Natural 

stand 

Planted 

stand 

Natural 

stand 

Planted 

stand 

Natural 

stand 

Intercept -0.1095 1.4680 0.0189 0.2757 0.0466 <0.001 

Time 0.0056 -0.0223 0.0028 0.0104 0.0225 0.0106 

Dbh 0.0354 -0.0023 0.0057 0.0006 <0.001 0.0371 

Defoliation -0.0018 -0.0006 0.0008 0.0001 0.0206 0.3307 

Tree Density -0.0136 -0.0022 0.0022 0.0009 <0.001 <0.001 

APgrow 0.0036 0.0021 0.0016 0.0011 0.0071 0.0233 

ATgrow -0.2451 -0.3595 0.0622 0.1112 <0.001 0.0013 

summerP/PET 2.3838 1.0834 0.9350 0.5560 0.0108 0.0052 

Density x summerP/PET -0.0027 0.0071 0.0008 0.0042 0.0026 0.0953 

ATgrow x APgrow -0.0026 0.0037 0.0005 0.0009 <0.001 <0.001 

Abbreviations of variables: Dbh, diameter at breast height; APgrow and ATgrow, annual anomalies of precipitation and mean 

temperature for the growing period (from March up to August); summer P/PET, ratio of precipitation to potential 

evapotranspiration in summer (from June up to August).  
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Figure 6. Relationships between annual basal area increment (BAI) values and annual defoliation degree for 

Natural and Planted forests in the study area. The dashed vertical lines indicate BAI-defoliation associations at the 

severe drought in 2005.  

 

3.6 Structural equation models 

The conceptual model to explain tree growth and defoliation in natural and planted 

stands provided a robust framework to obtain well fitted SEMs for trees from natural (χ2 = 

18.31; P = 0.657; GFI= 0.828; RMSEA = 0.018) and planted stands (χ2 = 8.33; P = 0.899; 

GFI= 0.917; RMSEA = 0.004) (Figure 7). On the other hand, the Moran indices indicated that 

spatial autocorrelation was not significant (P>0.05) in the selected SEMs neither for planted 

(MC= 0.10) nor for natural stands (MC = -0.07). The SEMs with the best fit included water 

availability during the growing period, tree density and PPM defoliation and were able to 

explain from 77% (planted stands) to 83% (natural stands) in defoliation variability and from 

75% (natural stands) to 87% (planted stands) in growth variability, respectively. The effects of 

water availability on growth (positive) and defoliation (negative) were stronger in planted 

than in natural stands. The negative effect of tree density on growth was also stronger in 

planted than in natural stands (Table 4; Figure 7). Defoliation was mainly driven by PPM 

oubreaks, being this effect more relevant in natural than in planted stands. In both types of 

stands, we found strong negative effects of growth on defoliation, particularly in planted 

stands. 
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Figure 7. Path diagrams (A) representing the hypothesized causal relationships among explanatory (water 

availability  APgrow , management  stand density  and insect defoliations (Pine Processionary Moth, PPM 

binary variable considering the occurrence of strong defoliations) and response (growth, defoliation) variables. 

Diagrams of selected structural equation models for (B) natural and (C) planted P. nigra stands. The standardized 

path coefficients displayed over arrows are significant (P < 0.001) and show how strongly the changes in one 

variable affect another one, whereas the arrow width is scaled proportionately (solid arrows, positive 

relationships; dashed arrows, negative relationships). The arrows pointing measured variables indicate the error 

terms associated with their measurement, i.e., unexplained variance. The proportion of variance explained (R2) is 

interpreted similarly to a regression analysis. The model goodness of fit indices are shown in the lower right side.  
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4 Discussion 

4.1 Climatic and growth trends 

Natural and planted pine forests in the Mediterranean Basin are likely to experience 

strong negative effects on growth associated to warming-enhanced drought stress (Lindner et 

al. 2010; Sánchez-Salguero et al. 2012b). Higher year-to-year climatic variability and 

increasing aridity reduce tree growth of pine species and other drough-sensitive conifer 

species in the long term (Macias et al. 2006; Andreu et al. 2007), but we must also assess how 

much of this growth decline is caused by frequent and severe droughts. Droughts might be 

expected to more severely affect populations at their natural rear edge or xeric distribution 

limit where trees face the species climatic tolerance limit and this stress may be exacerbated in 

very dense and relatively unmanaged stands (Vilà-Cabrera et al. 2011; Sánchez-Salguero et 

al. 2012a,b).  

In the last 30 years severe droughts characterized by high temperatures and low 

precipitation in the study area, such as the 1990s and 2000s, caused several episodes of 

forest dieback in Spain (Camarero et al. 2004; Peñuelas et al. 2007) (Figure 2, 3a). Several 

authors have found that the climate-growth relationships have also changed over time with 

these climatic anomalies (Tardif et al. 2003; Martín-Benito et al. 2010a). However, none of 

these studies explicitly took into account the possible role of changes in forest management 

interacting with climate factors to explain the divergent responses to drought stress of natural 

vs. planted stands. 

Our findings indicate that sharp growth reductions in P. nigra may be triggered by 

decreasing spring and early summer precipitation. Spring precipitation enhances radial growth 

of P. nigra and other pine species in xeric areas as has been also found in other Spanish 

forests (Andreu et al. 2007; Sánchez-Salguero et al. 2012b), in the dry inner Swiss Alps 

(Eilmann et al. 2009), and in Greece (Sarris et al. 2010). Further, water shortage in spring and 

summer enhances defoliation as has been observed in Norway spruce (Solberg, 2004). 

Growth is currently limited by temperature high elevation Mediterranean forests and it 

could experience growth increases as a result of warming (Tardif et al. 2003; Linares and 

Tiscar, 2010). However, the productivity of Mediterranean mountain tree species might be 

limited by both short growing periods and summer droughts (Fernández-Cancio et al. 1996, 

Martínez-Vilalta et al. 2008). Increasing temperature (Figure 2) could extend the available 

growing period but also reduce the water available for growth, particularly in steep sites with 

shallow soils (Boisvenue and Running, 2006). On the other hand, severel droughts reduce the 
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carbon uptake by trees and thus may reduce their capacity to grow (MacDowell et al. 2008; 

Galiano et al. 2011) affecting differentially to natural and planted forest as our results show. 

The radial growth in planted forests showed a high sensitivity to water availability in the 

previous winter and current spring, whereas growth in natural stands responded more to late-

winter minimum temperature before tree-ring formation (Figure 4). In planted stands, growth 

responded in opposite ways to June climatic variables indicating that soil water availability in 

late spring and early summer is the main factor enhancing wood formation there. However, 

and again in planted stands, both high temperatures and precipitation amount in January 

enhanced growth suggesting that wet and warm late winters either improve carbohydrate 

synthesis and storage for earlywood formation in spring or increase the soil water reserves for 

cambial resumption during growing period (Galiano et al. 2011; Moreno-Gutierrez et al. 

2011; Pasho et al. 2011). 

We hypothesized that long-term P. nigra growth responses to regional climate change 

could differ in natural vs. planted stands. The radial growth (BAI) showed different patterns 

among natural and planted stands related to temperature and precipitation across the sites 

sampled (Figure 4, 5). Our results agree with those of others studies suggesting that species 

responses to climate are site dependent (Sarris et al. 2010; Moreno-Gutierrez et al. 2011), 

and also indicate how these responses can vary over a gradient of regional climatic conditions 

(Figure 1, 2) (Lebourgeois et al. 2005; Martín-Benito et al. 2010a). These findings confirm that 

models assuming large-scale and uniform species responses to climate change over space and 

specie are overly simplistic (O´Neill et al. 2008). 

Our results agree with the contention that P. nigra is a drought-sensitive species 

susceptible to both rising temperatures and decreasing precipitation (Linares and Tiscar, 2010; 

Sánchez-Salguero et al. 2012b; Navarro-Cerrillo et al. 2012) being their vulnerability higher 

in planted than in natural forests. 

Based on dynamic factor analyses, we observed that natural and planted stands follow 

contrasting underlying growth trends, characterized by steady-to-rising growth tendencies in 

the natural stands and declining growth in planted ones (Figure 5). Such divergence in growth 

patterns between natural and planted stands confirms their different responsiveness to the late 

20th century warming and the marked decrease in precipitation since the 1980s (Figure 2, 5). 

 

4.2 Predisposing, inciting and contributing stressors in P. nigra decline 

Tree decline can be theoretically envisioned as a sequential process of predisposing, 

inciting and contributing stressors (Manion, 1981). Drought has often been considered as 
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inciting factor, whereas insect pests have been considered a contributing factor (Dobbertin, 

2005). However, in many cases, this conceptual model has proven difficult to demonstrate or 

even to asses in the field, particularly in planted forests such as those dominant in many areas 

of the Mediterranean Basin (Sánchez-Salguero et al. 2012a). We found that several drivers 

act synergistically and in different ways on P. nigra growth and defoliation in natural and 

planted stands. Furthermore, these factors may be connected within a simple mechanistic 

framework of tree decline in our conceptual model (Figure 7). 

This is one of the few studies that have examined the many factors potentially associated 

with regional forest decline (but see Camarero and others 2011). The involved factors act 

differently on decline aspects in natural and planted stands but, overall, spring-summer water 

availability and tree density were the most important drivers for all types of forests (Linares 

and Tiscar, 2010; Martín-Benito et al. 2010a; Sánchez-Salguero et al. 2012a), presumably 

acting as inciting and long-term predisposing factors, respectively. Crown defoliation was 

associated with additional inciting and contributing factors such as drought stress and PPM 

defoliation, respectively. Thus, despite insect outbreaks enhanced growth reduction and 

defoliation increase, extreme drought events and stand structure were probably the main 

drivers of decline and determined the differential effects between natural and planted forests 

(Dobbertin, 2005) (Table 3 and 4; Figure 7). 

Previous drought events may have also predisposed by weakening trees (Bréda and 

Badeau 2008; Sánchez-Salguero et al. 2012b) leading to defoliation and decline at the 

driest sites during the severe 1990s and 2000s droughts (Sánchez-Salguero et al. 2012b). In 

agreement with our hypothesis the differential spatiotemporal vulnerability, here assessed as 

growth and vigour losses, for natural and planted stands in response to extreme droughts was 

linked with a rise in temperature particularly in planted stands. This has been suggested in 

others studies for Mediterranean tree species (Sarris et al. 2007; Martín-Benito et al. 2010a; 

Gómez-Aparicio et al. 2011; Sánchez-Salguero et al. 2012b). 

Defoliation was the main driver of growth in both natural and planted P. nigra stands 

(Dobbertin, 2005; Sánchez-Salguero et al. 2012b). As expected, tree growth basal area 

increment was positively related with time in planted (young trees) but not in natural (old tree) 

stands (Candel-Perez et al. 2012). Water availability per unit of basal area is likely to be 

lower in plots with higher tree density and hence increase competition (Galiano et al. 2010; 

Martín-Benito et al. 2010b) , being this effects higher in planted than in natural stands (Table 

3; Figure 7). The relatively high tree density in the studied planted stands is likely the result of 

management abandonment during the last decades, as has been observed in other areas 

(Linares et al. 2009; Galiano et al. 2010), and is probably the consequence of the reduction 
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of thinning practices in planted forests of the study area since the 1980s (Montero, 1997; 

Gomez-Aparicio et al. 2009, 2011). Nevertheless, the absence of a significant interaction 

between the effects of drought stress and stand density in natural stands, but not in planted 

ones, for either defoliation or mortality suggests that competition and plot-level water 

availability have exerted additive effects on growth in planted stands, in contrast with low 

density natural ones (Martín-Benito et al. 2010a,b). 

In agreement with previous studies on drought-induced forest decline (e.g., Galiano et al. 

2010; Carnicer et al. 2011; Sánchez-Salguero et al. 2012a,b) our results confirm a correlation 

among the decline process and spring climatic conditions (APgrow), summer drought intensity 

(summer P/PET) and warming during the growing period (ATgrow) (Table 4). Overall, the 

effect of temperature of the growing period (ATgrow) on growth was negative, but this net 

effect can included a strong interaction with water availability since in wet years, higher 

temperatures resulted in greater BAI in natural but not in planted forests (but see Martín-Benito 

et al. 2010a). 

Tree growth was relatively high in trees from natural stands and low in trees from 

planted ones (Table 2) in contrast with Martín-Benito et al. (2010a,b) found. However, crown 

status was also related to recent tree-ring width increments (Dobyshev et al. 2007; Sánchez-

Salguero et al. 2010, 2012a, b) (Table 4, Figure 6 and 7). A decrease in slope of the BAI has 

been used to predict the observed symptoms of tree decline (emergence of visible canopy 

symptoms and the vigour of trees) (Bigler and Bugmann, 2003; Duchesne et al. 2003). 

Differences in BAI models between natural and planted stands in response to drought and 

competition are probably linked to a high water used efficiency in planted forests due to high 

density (competition) and a diverse range of physiological and functional adaptations to xeric 

conditions (Linares et al. 2009, Camarero et al. 2010; Martín-Benito et al. 2010b, Moreno-

Gutierrez et al. 2011). Defoliation could initially occur as an avoidance mechanism to maintain 

a favorable water balance by reducing transpiring needle area (Bréda et al. 2006), being 

this a key mechanism to differentiate the responses of natural vs. planted stands as a 

consequence of high competition in dense plantations (Dobbertin, 2005; Martín-Benito et al. 

2008a) (Figure 7). Our hypothesis was that these plantations have shown a high risk of dying 

under water deficit (drought) conditions in agreement with our growth-defoliation models 

(Moreno-Gutierrez et al. 2011).  
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4.3 Implications for a mechanistic approach to understand drought-induced decline 

Pine species in xeric areas usually present morphological and physiological 

adaptations that enable them to increase drought tolerance. Stomatal closure induced by 

drought stress results in a reduction of photosynthesis (Breshears et al. 2009). Drought 

tolerance is increased by osmotic adjustment, concentrating osmotically active compounds to a 

greater extent than could be explained solely by water loss (Adams and others 2009). 

However, this reaction becomes less important as the drought stress increases, when 

morphological adjustments such as an increase in the ratio of fine roots to leaves become 

relevant (Thomas et al. 2002; Galiano et al. 2011). Since a reduction in shoot growth and 

therefore in the assimilating leaf area is connected with exposure to drought, drought stress 

may render the trees more susceptible to other stress factors via a decrease in carbohydrate 

reserves (e.g., Thomas et al. 2002). In part, this was attributed to inappropriate silvicultural 

management, which had led to the existence of dense planted P. nigra forests at sites that are 

currently unfavourable to this species (Fernández-Cancio et al. 2011). Even in cases of severe 

spring-summer drought, however, drought stress was not assumed to be the sole factor leading 

to pine decline but rather a factor that weakens the vigour of the trees and, in combination 

with unfavourable site conditions, renders them susceptible to additional factors such as insect 

pests. The amount of green needles and carbon reserves may render a positive feedback that 

constrains the recovery of trees and explains the delayed effects of drought on tree growth 

and decline, which have been reported elsewhere (e.g., Bréda etal. 2006; Bigler et al. 2007; 

Galiano et al. 2011). Thus, planted stands may face inevitable constraints on growth when 

crown height and water are simultaneously limiting (Lines et al. 2012). A possible explanation 

for our results is that the ability to survive limitation by one resource may be associated with a 

conservative strategy that confers tolerance of multiple limiting resources, which was different 

in natural vs. planted stands (Camarero et al. 2010; Moreno-Gutierrez et al. 2011).  

P. nigra trees became increasingly vulnerable to drought, as reflected in the low BAI 

values during drier periods (Figures 4, 5). Long-term drought stress could impose further 

challenges to overcoming drought events (Allen et al. 2010), such as a requirement for superior 

carbon balance when faced with the need to recover from drought or the loss of needles 

induced by insect herbivores (Franklin et al. 1987). However, carbohydrate consumption 

required to maintain cellular metabolism (respiration) will increase due to rising temperatures 

(Adams et al. 2009; Allen et al. 2009; McDowell et al. 2008), potentially increasing negative 

effects of warming-induced drought in planted forests. 

These findings could imply in the studied types of forests-related changes in parameters 

linked to the water status and the tree carbon balance as Moreno-Gutierrez et al. (2011) 
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evidenced. Such site-dependent changes may affect xylogenesis (Camarero et al. 2010) and 

alter growth-climate relationships (Carrer and Urbinati, 2004). The increased size and 

structural complexity of older trees raise maintenance respiration costs and lower the 

efficiency of the hydraulic pathway, which may explain the lower growth rate, low climate-

growth correlations and the opposite characters can also explain the high drought sensitivity 

found in planted trees (but see Candel-Perez et al. 2012). 

 

4.4 Are drought and management driving forest decline in rear edge pine forests? 

Overall, our data suggest that forest structure may act as an intrinsic stressor acting 

continuously on trees through increased competition for resources, particularly water in 

drought-prone areas, and that this condition could intensify under more extreme climatic 

conditions specially in planted stands (Sánchez-Salguero et al. 2012a,b). Clearly, forest 

structure should be given a prominent role in the study of forest responses to environmental 

changes, as structural attributes modulate the adaptation and vulnerability of forests to 

climate-induced stress (Linares et al. 2010a,b). 

The P. nigra decline processes taking place in eastern Andalusian planted forests was 

likely predisposed by the lack of active management such as thinning (Gomez-Aparicio et al. 

2011; Sánchez-Salguero et al. 2012a). However, historical factors have been rarely 

considered when explaining the causes of forest decline perhaps because these processes act 

at longer time scales than short-term droughts (but see Camarero et al. 2011). In this study, 

tree density was an important driver of growth decline in planted stands (Table 4, Figure 7). 

On the other hand, since the forests from our study area have historically undergone 

different management intensities, a strong interaction between stand structure and climate-

growth relationships (Martín-Benito et al. 2010a) could be also expected (Figure 4). We found 

compelling evidence for strong natural vs. planted-specific competitive effects in these forests. 

Altogether, these results constitute new information which not only furthers our understanding of 

Mediterranean forests, but will also aid in developing new guidelines for adapting forests to 

withstand climate warming (Millar et al. 2007). This new guidelines must consider that the 

abandonment of thinning operations in reforestations or severe protection in natural areas 

could promote forest densification that could cause an increase in competition for soil water 

enhancing species vulnerability to a drier climate, particularly in planted forests (Linares et al. 

2010b; Gomez-Aparicio et al. 2011). 

Our results clearly indicate that although climate exercises considerable direct control 

over tree species performance, its effect is modulated by biotic factors such as competition or 
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historical factors such as provenance origin. The studies of climate change effects on tree 

performance must necessarily consider stand origin, something that has seldom been done so 

far. 

In summary, our results show that adapting P. nigra rear-edge forests to climate change 

can greatly benefit from gathering information that indicates how competitive effects in 

conjunction with climate trends drive decline process (growth loss and defoliation increase) as a 

function of the forest origing, i.e. in natural vs. planted stands. Specifically, this knowledge will 

be essential to provide detailed recommendations to guide silvicultural activities aimed at 

reducing competition that will perform better under a given set of new climatic conditions such 

as recurrent drought episodes. 

 

5 Conclusions 

In southeastern Spain, annual temperature has increased and spring precipitation has 

declined during the twentieth century, leading to a long-term reduction in water availability. 

These regional climatic changes affected differently natural and planted P. nigra stands. Our 

results demonstrate that trees from planted stands experience stronger growth reductions 

during severe drought episodes than those from natural ones. The latter trees showed a more 

plastic response to drought by reducing growth more than planted trees but also recovering 

faster afterwards. In this same sense, growth in natural stands experienced less inertia than in 

planted ones, and this may explain why these trees were less vulnerable to drought stress than 

planted trees.  

All results point towards the essential role played by competition and drought as the 

main driving factors of forest decline. The models developed for P. nigra reveal that the 

decline probability of a tree is conditioned by its size, the competition degree (acting as 

predisposing factors) and climatic stressors as droughts (mainly acting as inciting factors). But 

there was a remarkable difference in how competition and climate drive growth process in 

natural and planted stands. This result confirms the vulnerable character of planted P. nigra 

stands compared to natural ones in a forecasted warmer and drier Circum-Mediterranean 

region. This contrasting climatic sensitivity may be wielding a significant impact on future forest 

dynamics in Iberian pine forests at a regional scale, since both, a warming trend and a 

precipitation decline have been forecasted for the forthcoming decades. Our results have 

implications for forest management and measures aiming to adapt natural and planted forest 

stands to global change. In order to avoid or limit further growth declines in planted trees, 

foresters could promote less dense stands and try to rise their probability of survival.  
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7 Supporting information  

Data.  

To study defoliation responses in the Black pine forests in Andalusia we gathered data from 

Andalusia adaptation of ICP-Forests Level 1 network for 1986-2008 (1). European Level 1 

network covers most of European forested areas with 6000 monitoring plots. Andalusian 

government established a smaller regional network (AFMN) with the same harmonized criteria 

of ICP-Forests Level 1 network in 2000, but with 8 kilometers grid (408 plots, 9792 trees) (2). 

In each plot, 24 trees were annually sampled according to standardized procedures (1). 

Selected trees were predominant, dominant and co-dominant individuals with a minimum height 

and without significant mechanical damage (1). Annually, a visual evaluation of the defoliation 

and discoloration of each tree crown was performed. Defoliation was defined as the 

percentage of needle/leaf loss in the assessable crown as compared to a reference tree, using 

a sliding scale of 5%. To quantify defoliation, local reference trees were defined as the best 

tree with full foliage that could grow at this particular site (1). Each sampled tree was visually 

examined in the field and factors associated with the observed defoliation (vertebrate 

herbivory, insect herbivory, fungal damage, drought impacts, management impacts and fire 

damage) were recorded using a different code system. Additionally, plot information on soil 

type and humus layer depth was recorded by means of ordinal variables (2). Similarly, tree 

diameter and density per plot were estimated. Tree density was estimated as the averaged 

spatial distance of the 24 sampled trees in each plot (1).  
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In this PhD thesis, the overall goal was to explore forest decline processes for a range of 

tree species to gain new ecological insights into their stress tolerance behavior and 

vulnerability to climate change by formulating dieback and growth models. In this chapter, We 

discuss the newly derived results in the context of:  

 

(1) Methodological aspects,  

 

(2) forest decline modeling, 

 

(3) ecological interpretations,  

 

(4) areas for future research and 

 

(5) management implications.  

 

The fundamental aim of this thesis was to study how forest decline is interrelated with tree 

growth and crown damage (using defoliation as a surrogate of tree vigour).  
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1 Methodological aspects 

In the case of growth-dependent tree dieback, the decline inducing factors act primarily 

upon ecophysiological processes and reduce tree vigour, while tree death normally occurs as a 

lagged response to decreasing vigour. In this study, impending tree death was found to be 

characterized by species specific tree-ring and defoliation patterns. Investigating these 

different growth and defoliation patterns provided a means to predict the risk of decline of 

individual trees. In spite of the large individual specific growth variability, the growth and 

defoliation patterns prior to death event that were detected at one site, generally could be 

transferable to other sites. The ecological interpretation of the growth-defoliation patterns of 

health and declined trees that are growing at different sites allows us to better understand 

species-specific growth and survival strategies. 

 These decisive growth-defoliation patterns were contrasted in crown decline and 

growth models, which may be applied in diverse fields such as forest ecology, forest 

management, and succession research. The significance of the growth and defoliation patterns 

was assessed in terms of their predictive power for modeling tree mortality. In a first step, this 

was addressed using a cross sectional modeling approach for one time point, and in a second 

step using a longitudinal approach along time. These two fundamentally different approaches 

were shown to emphasize different aspects of tree dieback processes. 

Below, I firstly discuss the suitability of the data sources used, i.e. tree-ring and crown 

damage recorded data.  

 

1.1 Data source  

Generally, large data sets are required to analyze the highly variable nature of tree 

dieback processes in space and time (Hawkes, 2000, Wunder et al. 2006). However, historical 

information on growth and crown damage of dead trees is relatively rare due to the scarcity 

of dieback events of long living plants, which need to be observed at sites where trees die due 

to natural causes (i.e. sites with a low management impact) (Dobbertin, 2005). In this thesis, two 

sources of the vigour history information were used, tree-ring data from increment cores and 

short and long- term defoliation data; the last comprising repeated measurements of tree 

defoliation (Biondi, 1999; Solberg, 2004). Tree rings from Pinus species trees were used to fit 

both crown dieback and growth models based on thresholds (Chapter III, IV) and on a 

maximum likelihood approach (Chapter III, IV, V). Local plot data of Pinus species were used to 

test highly flexible linear mixed growth models and decline models using likelihood and a 

Bayesian approach in a case study (Chapter IV). After the successful test, the analysis was 
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extended to a larger spatial scale with permanent plot data (e.g., AFMN network) including 

only one tree species to compare between natural and planted P. nigra forests using linear 

mixed growth models, and the analysis was improved with structural equation models to 

understand the adapted spiral of Manion´s 1981(Chapter I, V). 

 

Tree-ring data  

Generally, tree rings allow for a reliable estimation of the growth and survival 

information at annual resolution. Tree-ring series of declining trees cover the entire growth 

history, whereas for health trees only partial growth history information is provided (Chapter 

III, IV). Tree-ring methods have a large potential to reveal the growth-dieback relationship of 

trees since they allow for an immediate analysis of the target species independent of the 

availability of long-term research plots. However, especially for dead trees, coring may be 

restricted to trees that experience low decay rates typical for sites at high elevations, high 

latitudes, or in dry areas (Bigler, 2003). 

Also, the estimation of the year of the beginning of dieback process is often problematic: 

the last formed tree-ring as measured with an increment core at breast height (1.30 m) may 

not always match the year of tree decline (Mast and Veblen 1994; Cherubini et al. 2002). In 

addition, tree-ring approaches are usually restricted to trees growing in seasonal climates. 

Moreover, in order to obtain the desired tree-ring information, the sampling of trees is either 

semi-destructive (increment cores) (Chapter V) or destructive (tree disks) (Chapter II, III, IV), 

whereas non-destructive methods (e.g. X-ray computer tomography) are still in development 

and yet very expensive (Okochi et al. 2007). Although the contribution of coring to tree 

mortality has been shown to be negligible for some tree species (van Mantgem and 

Stephenson, 2004), it remains restricted or forbidden in many primary or old-growth forests, 

especially in Europe (Köhl et al. 1996) 

 

Defoliation 

Defoliation is one of the main factors used to indicate future mortality and forest health 

and it integrates the effects of other factors such as relative water and nutrient availability 

(Dobbertin and Brang, 2001; Dobbertin, 2005; Dobyshev et al 2007; Linares et al. 2011). In 

forest decline studies, defoliation refers to reduction of overall crown volume, and usually 

visually estimated via a visual assessment and systematic rating system applied to individual 

trees assessed their vigour using a semi-quantitative scale based on the percentage of crown 

defoliation (Müller and Stierlin, 1990; following UN/ECE, 1994 methodology).  
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Drought events can trigger several effects on trees (Bréda and Badeau, 2008) that lead 

to defoliation (Dobbertin, 2005; Dobyshev et al. 2007). Defoliation (i.e., leaf-shedding) could 

initially occur as an avoidance mechanism to maintain a favorable water balance by reducing 

transpiring needle area (Bréda et al. 2006). Leaf-shedding also signals the early stages of a 

sequence leading to tree death (Dobbertin, 1999; Dobbertin and Brang, 2001; Galiano et al. 

2010; Carnicer et al. 2011). It is important to note that in the Chapters II, III and IV, we 

operated with the estimates of crown conditions taken on only one occasion. However, our 

study demonstrated that the condition of pine crowns in two categories (healthy and damaged 

trees) at the dates of sampling did reflect the trees ‘growth over the preceding decade 

(Chapter III, IV), although data from continuous long term-monitoring plot data improve this 

knowledge (Chapter V).  

The ICP (International Co-operative Programme on Assessment and Monitoring of Air 

Pollution Effects on Forests) monitoring methodology was used for the visual assessment of 

crown density and transparency (UN/ECE, 1994) since it has been used in similar decline 

studies in Europe (see for example Heikkilä et al. 2002, Dobbertin, 2005). Percent crown 

defoliation was assessed visually by myself because estimates of defoliation vary among 

observers (Dobbertin, 2004). Since these estimates may also vary among sites we used as a 

reference a tree with the maximum amount of foliage at each location (Dobbertin, 2005). In 

Chapter II, III, IV, a tree was regarded as declining if its crown showed a needle loss greater 

than 25% (Chapter II) and 50% (Chapter III, IV) because statistical techniques of classification 

with growth and defoliation patterns showed that (Chapter IV). Two defoliation classes were 

distinguished: trees with low (defoliation < (25%) 50%) and high defoliation levels (defoliation 

≥ (25%) 50%). We validated this classification with Factorial analysis in the different 

sampling. We acknowledge the fact that pine needles are not immediately shed after 

droughts but turn brown, desiccate and may stay on the branches until they experience a 

strong mechanical force (rain, wind, etc). However, in this thesis we assumed that current levels 

of defoliation (needle loss) were linked to the severity of recent droughts and to recent levels 

of brown and desiccated needles in the crowns of affected trees (Dobbertin, 2005). Such 

assumption is supported by physiological data since stomatal conductance and water potential 

was significantly lower in defoliated than in non-defoliated trees in P. nigra and P. sylvestris 

(Hernández-Clemente et al. 2011) (Chapter IV). In contrast, crown defoliation assessment has 

been criticized because it is highly subjective, because no absolute reference is known and 

instead often only site specific reference trees were used, and because transparency is not 

cause-specific (Innes, 1993). 
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2 Forest decline modeling 

To understand the decline process, crown defoliation and growth can complement each 

other, following ours obtained models, we demonstrated that reoccurring drought, as judged 

by a drought stress indicator (Chapter IV, V), correlated well with modeled defoliation 

dieback (as inciting factors) for the studied pines species in the dry rear-edge of Europe 

(Dobbertin, 2005; Bigler et al. 2005). However, few studies have evaluated how growth and 

vigour respond to drought stress in conjunction with the effects of environmental and 

competition factors, and particularly in Mediterranean pine stands (Bravo-Oviedo et al. 2006; 

Kantavichai et al. 2010); taking into account the main sources of variability in these response 

variables, i.e., tree (size, age, growth rate, genotype), species (vulnerability against drought 

stress, adaptive capacity) and stands origin (natural vs. plantations) (but see Orwig and 

Abrams, 1997) (Chapter IV, V). The stress reaction as expressed by reduced radial stem 

growth and increased defoliation, serves as an integrative response to different types of 

stress.  

On the other hand, as we shown above, dendrochronological methods have been 

employed to assess the effects of drought stress on forest decline and tree defoliation 

(Dobbertin, 2005). Temporal variability of tree-ring width has been regarded as a proxy of 

growth changes in response to water deficit, based on the general assumption that climate-

growth relationships remain constant over time (Fritts, 1976). This assumption has been 

questioned by studies showing climate-growth relationships that vary through time and 

therefore depend on tree and species characteristics; i.e. tree size and growth rate or tree 

species’ vulnerability against drought stress (Szeicz and MacDonald, 1994; Tardif et al. 2003; 

Linares et al. 2010a). 

The models obtained illustrate how tree growth and crown defoliation can serve as tree 

vitality or stress indicator depending on the species and forests origin (natural vs. planted) 

(Chapter III, IV, V). Depending on the time of the stress (Drought and insect -point event-, 

density or climate trends -long effects event-) and the tree compartments affected by the 

stress, defoliation or tree growth may complement each other as stress indicators (Dobbertin 

2005) (Chapter III, IV; V).  

In this thesis, we confirmed the expected association between forest decline - defoliation 

and mortality -, climatic conditions - spring and summer precipitation - and competition 

previously found in others Mediterranean forests (Chapter IV, V) (Bravo-Oviedo et al. 2006; 

Carnicer et al. 2011; Sánchez-Salguero et al. 2012a). Our results of modeling provide 

additional support to previous studies in forest decline showing a high vulnerability to severe 

droughts near the climatic xeric tolerance limits under high competition; e.g., unmanaged or 
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high dense planted stands of these species: Pinus halepensis (De Luis et al. 2009a,b, 2010), 

Pinus pinaster (Bravo-Oviedo et al. 2006; Carnicer et al. 2011), Pinus sylvestris (Martinez-

Vilalta and Piñol, 2002; Galiano et al. 2010, 2011; Carnicer et al. 2011; Vilà-Cabrera et al. 

2011, 2012) and Pinus nigra (Martínez-Vilalta and Piñol, 2002; Palahí and Grau, 2003; 

Linares and Tiscar, 2010; Carnicer et al. 2011) (Chapter III, IV, V).  

The analyzed spectrum of structural model complexity ranged from rigid “classical” 

threshold models via models based on maximum likelihood and structural equation models to 

highly flexible parametric approaches (see Chapter III, IV and V).  

 

2.1 Decline and growth models 

Since the beginning of the 1970s, dieback threshold models have been used to describe 

the phenomenon of tree mortality (forest decline) (Manion, 1981). The applied threshold values 

were fixed at low radial growth values (e.g., 0.1 mm), with growth rates below that threshold 

resulting in an increased mortality probability. Attempts to increase the ecological plausibility 

of these models resulted in a stress memory that is tracking the recent history of threshold 

shortfalls leading to increased dieback risk probability. To my knowledge, the parameters of 

these threshold decline models (using defoliation as a surrogate of tree vigour) were fitted for 

the first time in this thesis with empirical data (Chapter III; IV).  

For tree-ring and defoliation data, we developed a new approach for estimating the 

growth-decline relationship that relies on tree-ring series (Chapter IV). In contrast to the former 

logistic regression models that are based on dead and alive trees (e.g., Bigler and Bugmann, 

2004), our new methods focuses on health and declined trees (included dead trees) as the 

basic unit of dieback process; their growth history was used to optimize the damage class of a 

logistic regression using the maximum likelihood method (Chapter IV). An evaluation of this 

method revealed a very high accuracy for a data set as small as 40 trees (Chapter IV).  

For the growth data, we improved the flexibility of the commonly used linear mixed 

models (Chapter III, IV, V). This structural flexibility is achieved by a linear relationship 

between the logit of the annual growth rate and the corresponding independent variables 

information (structure, climate, management, etc). Growth models fitted by these methods are 

able to detect different slopes in the same growth-defoliation curve, i.e. the influence of a 

growth change on the damage probability may depend on the former growth rate. 

We used linear mixed models to assess the effects of independent variables as: species, 

degree of defoliation, tree size (dbh, crown height), site conditions and climatic variables on 

basal area increment in the studied pine species (Martínez-Vilalta et al. 2008; Vilà-Cabrera 
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et al. 2011, 2012; Sánchez-Salguero et al. 2012a,b) (Chapter III, IV, V). The selection of 

explanatory variables also responded to a compromise with the availability of reliable data 

and considerations on the relevant time frame in the context of the study (Chapter III, IV, V). 

Residuals were studied to validate the mixed models assumptions of normality and to verify 

that no correlation existed with the variables not included in the final model (Chapter III, IV). 

With the growth predicted by the final model, a determination coefficient (R2) was used to 

check significantly differences between growths depending on damage level (Vilà-Cabrera et 

al. 2011, 2012).  

On chapter V, we used a structural equation modeling (SEM) approach to quantify the 

effects of multiple correlated drivers, expressed as standardized path coefficients, on drought-

induced forest decline (Linares et al. 2009). We first constructed an a priori model of our 

systems (natural and planted forests) wherein the significant variables in the growth and 

defoliation linear mixed models, water availability, past management (density) and insect 

outbreaks (e.g., PPM defoliation) were entered based in the conceptual model from Chapter I. 

We proposed a new adapted approach from the conceptual model of Manion´s 1981 for 

forest decline processes, in this case for Mediterranean pine plantations in the rear-edge of 

Europe.  

 

2.2 Model selection  

A range of flexible methods of differing complexity and data requirements was 

analyzed with several new approaches: These data (tree ring and defoliation) sources were 

used to estimate the growth-dieback relationship with differently flexible methods (Chapter IV, 

V). The highest potential was found for maximum-likelihood methods based on tree rings, which 

require only a small sample size (e.g., 40 trees in Chapter IV). The additional use of Bayesian 

statistics, specifically designed for small sample sizes, led to high model accuracies only when 

model flexibility was constrained (Chapter III, IV).  

In sum, tree-ring data and defoliation record is the most promising data source for forest 

decline models. If reliable forest inventory data is not available, tree-ring information can be 

used to derive accurate growth-dieback models, provided that model flexibility is adequately 

constrained to an “intermediate level” between a standard logistic regression and highly 

flexible parametric approaches: In this thesis, a good performance was found for logistic 

regression, linear mixed models and structural equation models. Highly accurate growth-

dieback models may also be derived by a combination of tree-ring and forest inventory data, 

i.e., by extracting increment cores from damaged trees in forest inventory plots (Chapter V). 
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Our validation test values (Chapter III; IV, V) were quite similar in magnitude to 

comparable growth and dieback models of other European tree species (Monserud and 

Sterba, 1996; Andreassen and Tomter, 2003; Dobbertin, 2005).  

 

3 Ecological interpretation 

Marginal tree populations located near the xeric limit (rear edge) of the species natural 

distribution area may serve as a valuable model for assessing the stressing effects of drought 

on forest decline. Most of studies have been focused on natural forests despite recent episodes 

causing a sharp growth decline and leading to massive defoliation events have been also 

described in pine afforestations (Andreu et al. 2007; Navarro-Cerrillo et al. 2007; Carnicer et 

al. 2011). 

 

3.1 Climate and growth-defoliation trends 

Pine forests in the Mediterranean Basin are likely to experience strong negative effects 

on growth associated to warming-enhanced drought stress (Lindner et al. 2010; Sarris et al. 

2010). Higher year-to-year climatic variability and increased long-term aridity may reduce 

tree growth of pine species (Macias et al. 2006; Andreu et al. 2007), but we must also assess 

how much of this growth decline is caused by the more frequent occurrence of severe droughts 

(Chapter II, III). Consecutive severe droughts might be expected to more severely affect 

populations at their natural rear-edge, and trees growing near a species´ climatic tolerance 

limit in high dense stands (Vilà-Cabrera et al. 2011) (Chapter IV, V). In the last 30 years 

severe droughts characterized by high temperatures and low precipitation in the study area, 

such as the 1990s and 2000s caused several episodes of forest dieback in Spain (Camarero 

et al. 2004; Peñuelas et al. 2007). Declining planted trees may have not been able to 

acclimate to drier and warmer conditions during the late 20th century, especially in the case of 

planted P. sylvestris and P. nigra populations which constitute the southernmost ones of the 

distribution area of the species (Richardson, 1998). 

In the study area, temperature rose and precipitation declined, particularly in spring, 

during the twentieth century (Chapter II, III, V). Both trends have been detected in other forests 

from southeastern Spain (De Luis et al. 2009a; Linares et al. 2009, 2010a, 2010b; Navarro-

Cerrillo et al. 2012) and have probably caused a long-term reduction in available soil water 

in that area with shallow and rocky soils, which overlapped with a sequence of severe 

droughts in the 1990s (1994, 1995, 1999) and 2000s (2005). Forest models should 

investigate the long-term effects of consecutive droughts, such as those of 1994 and 1995, on 
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growth and persistence of similar drought-prone sites, since the frequency of severe droughts 

has been predicted to increase in southern Europe (Lindner et al. 2010). 

Several authors have found that the climate-growth relationships have changed over 

time with these climatic anomalies (Tardif et al. 2003; Martín-Benito et al. 2010a). However, 

none of these studies explicitly took into account the possible role of changes in forest 

management, interacting with climate factors, competition and site conditions to explain the 

divergent response to drought stress of species and types of forests (natural vs. planted); to 

our knowledge, in this thesis it is the first time. 

Such sharp growth reduction was triggered by decreasing spring and early summer 

precipitation. Spring precipitation enhances radial growth of studied pine species, has been 

also found in other Spanish forests (Andreu et al. 2007), in the Swiss Alps (Eilmann et al. 

2009), in Norway (Solberg, 2004) and in Greece (Sarris et al. 2010). Site currently limited by 

temperature (i.e. forests at higher elevations) could generally expect growth increases as a 

result of warming (Tardif et al. 2003; Linares and Tiscar, 2010) (Chapter V). However, the 

productivity of Mediterranean mountain tree species might be limited by both short growing 

periods and summer droughts (Fernández-Cancio et al. 1996, Martínez-Vilalta et al. 2008). 

Increasing temperature could extend the available growing period (Boisvenue and Running, 

2006); however, simultaneous increase in drought events may reduce the amount of time the 

trees are able to keep their stomata open, therefore reducing carbon uptake and shortening 

the time span for tree growth (MacDowell et al. 2008; Galiano et al. 2011) affecting 

differentially to most vulnerable pine forest (i.e., planted P. sylvestris and P. nigra) as shown 

our results (Chapter III, IV, V). 

In sum, the observed pine decline episode was linked to protracted drought stress in the 

last two decades. Severe consecutive droughts such as those of 1994 and 1995 plausibly 

caused the sharp decreases in basal area increment. Most study sites were exposed to soil 

dryness, which was caused by a synergistic effect of low spring precipitation, low water 

holding capacity of coarse-textured and shallow soils, and warmer conditions. Stem growth is 

hampered on shallow and dry soils even in mesic localities (Alavi, 1996). For all studied pine 

species, water availability in late spring and early summer during the year of tree-ring 

formation enhanced earlywood formation and tree-ring growth, since maximum cambial 

activity of the studied pines happens between April and June (Camarero et al. 2010). 

Latewood formation was enhanced by wet conditions in autumn but indirect influences of 

earlywood growth on latewood development should be also taken into account (Pasho et al. 

2011). 
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On the whole, the climate-growth associations found for P. sylvestris, P. nigra, P. pinaster 

and P. halepensis were similar to those found in other Iberian forests under Mediterranean 

climatic conditions (Gutierrez, 1989; Andreu et al. 2007; Bogino and Bravo, 2008; De Luis et 

al. 2009a; Martínez-Vilalta et al. 2008; Vieira et al. 2009). Nevertheless, pine plantations of 

these four Mediterranean pine species in south-eastern Spanish mountains are undergoing 

acute processes of growth decline and forest dieback, despite two of them (P. pinaster and P. 

halepensis) are theoretically better adapted to withstand drought than boreal species like P. 

sylvestris (Richardson, 1998) (Chapter III). This apparently drought-induced decline is 

characterized by a sharp reduction in basal area increment and high levels of needle loss. The 

high sensitivity of growth of defoliated trees to precipitation and maximum temperatures 

suggest that their growth decline and subsequent needle loss were caused by warming-incited 

drought stress (Chapter IV).  

The fact that growth of affected pines trees with low and high defoliation levels 

responded negatively to June and July temperatures, respectively, suggests that individuals 

with different vulnerability to drought stress could have different radial-growth phenology. 

Further studies should evaluate xylogenesis in co-occurring individuals of the same species with 

different defoliation degree to test this hypothesis (Guada et al. 2012). 

The divergence of radial growth after extreme droughts was observed in P. sylvestris, P. 

nigra and P. halepensis, also between natural and planted P. nigra forests, being more evident 

in the xeric than in the mesic sites, but this was not noted in P. pinaster. Although a high degree 

of defoliation and mortality were observed since 2001 in the driest site (Filabres) (Navarro-

Cerrillo et al. 2007; Fernández-Cancio et al. 2011), growth divergence and a negative 

association between basal-area increment and the degree of defoliation was evident in pine 

species since the severe droughts of 1994-1995 (also 2005 between P. nigra natural vs. 

planted stands, see Chapter V). Such findings suggest a lagged response of needle loss to 

drought stress and growth decline, which in our study may have lasted from 1995 (first sharp 

reduction in basal-area increment) to 2002 (defoliation), i.e. 7 years. The lagged responses to 

climatic stress of growth decline and defoliation greatly complicate the disentangling of the 

cause-effect relationships in episodes of forest decline (Pedersen, 1999; Dobbertin, 2005). 

Specifically, P. halepensis trees with low defoliation increased growth after the 1999 

drought meanwhile P. pinaster maintained low growth rates and P. nigra and P. sylvestris 

decreased growth after this drought regardless of their defoliation degree. This could be 

explained by a lower adaptation to drought resistance of planted P. sylvestris and P. nigra 

stands, in particular in xeric areas (Chapter III). The radial growth in studied planted forests 

showed a high sensitivity to water availability in the previous winter too, whereas growth in 



General Discussion 

172 

 

natural P. nigra stands responded more to late-winter temperature before tree-ring formation 

(Chapter III, IV, V). However, and again in studied planted stands, both high temperatures and 

precipitation amount in January enhanced growth suggesting that wet and warm late winter 

either improve carbohydrate synthesis and storage for later tree-ring formation or increase 

the soil water reserves for cambial resumption during growing period (Galiano et al. 2011; 

Moreno-Gutierrez et al. 2011) (Chapter III; IV; V). 

Our results agree with the contention that planted P. sylvestris and P. nigra subsp. 

salzmanii are the most drought-sensitive species susceptible to increased temperature and 

decreased precipitation (Linares and Tiscar 2010; Sánchez-Salguero et al. 2012a) (Chapter 

IV, V). 

We hypothesized that long-term Pinus growth forests responses to regional climate 

change could differ at a species (Chapter II, III, IV) and natural vs. planted P. nigra forests 

(Chapter V). The BAI showed different patterns among species and types of forests related to 

temperature and precipitation across the sites sampled (Chapter III, V). Our results agree with 

those of other studies suggesting that species responses to climate are not uniform by natural 

vs. planted stands (Sarris et al. 2010; Moreno-Gutierrez et al. 2011) (Chapter V), and also 

indicate how these responses can vary over an ecological gradient of regional climatic 

conditions (Lebourgeois et al. 2005; Martín-Benito et al. 2010a). These findings support the 

idea that large-scale and specific endeavors based on models than assume uniform species 

responses to climate change over space and specie may be overly simplistic (O´Neill et al. 

2008; Linares and Tiscar 2010). 

 

3.2 Predisposing, inciting and contributing factors in drough-induce plantations decline at the 
natural rear-edge of Europe. 

Tree decline can be theoretically envisioned as a sequential process of predisposing, 

inciting and contributing stressors (Manion, 1981). Generally, drought has often been 

considered as inciting factor, whereas insect pests have been considered a contributing factor 

(Dobbertin, 2005). However, in many cases, this conceptual model has proven difficult to 

demonstrate or even to asses in the field, particularly in artificial stands in the Mediterranean 

Basin (Linares et al. 2009; Sánchez-Salguero et al. 2012a) (Chapter IV). 

We found that several of the evaluated factors act synergistically under different 

species (P. halepensis, P. pinaster, P. nigra, P. sylvestris) and P. nigra (natural vs. plantations) on 

growth trends. Furthermore, these factors may be connected within a mechanistic framework of 

tree decline in our adapted Manion´s (1981) conceptual model (see Chapter I). 
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This is one of the few studies that have examined the many factors potentially associated 

with the tree dieback in a regional, climate, species and origin (natural vs. planted) context 

(but see Camarero et al. 2011). The involved factors act differently on the dieback 

parameters: spring-summer water availability (e.g., temperature and precipitation) and stand 

density (e.g., competition) were the most important driving factors for four species (Chapter III, 

IV) and both types of forests (Chapter V) (Linares and Tiscar 2010; Martín-Benito et al. 

2010a) presumably acting during the drought episodes as inciting and long-term predisposing 

factors, respectively; whereas canopy defoliation was associated with additional predisposing, 

inciting and contributing factors such as species, forest origin, drought event and insects effects 

(i.e., PPM defoliation), respectively as shown our results (Chapter IV, V). Thus, biotic as well as 

abiotic factors seemed to induce the first decline-symptoms of growth (defoliation) decrease 

(increased), but extreme drought events tolerance and stand structure were probably the 

factors that determined the differential effects between species and P. nigra natural vs. 

planted forests (Dobbertin, 2005) (Chapter IV, V). 

In the study area, pine species grew well in the wet early 1970s, when conditions were 

much more favorable for establishment, than in the drier and warmer mid 1990s. We detected 

a negative growth trend in basal area increment since the 1990s which supports the idea that 

droughts of the late 20th century triggered the reported decline (Navarro-Cerrillo et al. 2007). 

In addition, local site conditions (e.g., topography) may have predisposed some planted trees 

to respond more negatively to drought than others, which would explain that most defoliated 

trees were found mostly in steeper sites with shallow soils, where soil water availability is 

lowest (Navarro-Cerrillo et al. 2007) (Chapter IV). Such predisposing factors might produce 

persistent differences among trees of similar ages and also explain the positive influence of 

tree diameter and crown height on basal area increment, particularly in the case of planted 

defoliated trees of the species less resistant to drought-induce xylem embolism. In northeastern 

Spain, Martínez-Vilalta et al. (2008) and Galiano et al. (2010) also found that recent 

warming negatively impacted Scots pine growth mainly in dry sites. In our case planted pine 

trees, originated from seeds of different geographical origin and genetic pool than local trees, 

may have shown different growth responses to drought stress than natural, and may be better 

adapted populations (Helama et al. 2008) (Chapter V).  

Previous drought events surely initiated a lengthy chain of memory effects on trees 

(Bréda and Badeau, 2008; Sánchez-Salguero et al 2012b) that led to defoliation and 

mortality (dieback) at the four planted and the Black pine natural drier forests within the 

studied region during the severe 1990s and 2000s droughts (Linares and Tiscar, 2010; 

Sánchez-Salguero et al. 2012a,b). In agreement with our hypothesis the differential (space 



General Discussion 

174 

 

and time) vulnerability for different species and P. nigra stands growth rate to extreme 

drought conditions linked with rise in temperature was related negatively, (positively) in the 

three planted (natural), excepted P. halepensis, as studies for Mediterranean species shown 

(Sarris et al. 2007; Martín-Benito et al. 2010a; Gómez-Aparicio et al. 2011) acting as inciting 

and contributing factors, respectively (Chapter IV). 

Species-level growth models were negatively correlated with defoliation recorded, 

higher in vulnerable planted stands (P. sylvestris, P. nigra) than in resistant planted stands (P. 

halepensis, P. pinaster) (Chapter III, IV); and in types of P. nigra forests, higher in planted than 

in natural stands (Dobbertin, 2005) (Chapter III, IV, V). As expected, tree growth as basal 

area increment was positively related with time in planted (young trees) but not in natural 

black pine (old trees) (Candel-Perez et al. 2012). Water availability per unit of basal area is 

likely to be lower in plots with higher competition (high stand density) (Galiano et al. 2010; 

Martín-Benito et al. 2010b) acting as a predisposing factors in a hypothetical decline spiral, 

being this effects higher in more vulnerable planted forests (P. sylvestris, P. nigra) (Chapter IV, 

V). The relatively high tree density in the studied area is likely the result of management 

abandonment during the last decades, as has been observed in other areas (Linares et al. 

2009; Galiano et al. 2010), and particularly of the reduction of thinning practices in planted 

forests of the study area since the 1980s (Montero, 1997; Gomez-Aparicio et al. 2010, 

2011). Nevertheless, the absence of a significant interaction between the effects of drought 

stress and stand density in the example for P. nigra natural forests, but not in planted ones, for 

either defoliation or mortality suggests that competition and plot-level water availability have 

exerted additive effects on the studied planted forest, in contrast with the low density planted 

or natural forests (Martín-Benito et al.2010a,b) (Chapter IV, V). 

Despite droughts reduced growth of all pine species, even those inhabiting xeric sites 

and potentially more resistant to water deficit such as P. halepensis (Sarris et al. 2010), we 

observed different specific-species and origin (natural vs. planted P. nigra) responses to other 

climatic factors. Precipitation and minimum temperatures were linked to improved growth in the 

pine species occurring in high-elevation sites (P. nigra, P. sylvestris), indicating that cool and wet 

conditions stimulate growth there (Chapter III), in agreement with the relation between growth 

in natural P. nigra stands (Chapter V). Contrastingly, basal area increment of severely 

defoliated trees of these two species and P. pinaster responded negatively to high maximum 

temperatures indicating that those trees were also susceptible to warming-induced drought 

stress even if growing in the less xeric sites of the study area (Chapter III, IV, V), in contrast 

with P. halepensis stands (Chapter V). 
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Our results indicate that the combined effect of these factors contributed to the severe 

defoliation events observed in the study area, being particularly widespread and intense in 

the case of P. sylvestris plantations. These results suggest that the relationship among these 

variables is complex and may involve a wide range of contributing causes (Manion, 1981; 

Galiano et al. 2010). The decline process may be seen as a result of a series of chain events 

with stand structure and competition being a predisposing factor, first drought events (e.g., 

1994-1995) operating as inciting factors; and intense drought episode (e.g., 1999, 2005) 

acting as a contributing factor (occasionally PPM defoliation) (e.g., Manion, 1981; Galiano et 

al. 2010) (Chapter IV, V). 

In sum, although the impact of environmental stress factors on tree growth can be 

quantified fairly well, the event ‘tree death’ is comparatively difficult to predict due to the 

randomness of the involved stress factors in time and space, e.g., the occurrence of multiple 

drought years or attacks by insects from adjacent, infested forest stands. This circumstance is 

exemplified by the estimated decline risks of the Pinus nigra trees in Filabres (chapter IV). 

Although many P. nigra trees that we sampled exhibited a short-term increased decline risk in 

the year 1995, none of them died during or shortly after this drought year. This was probably 

due to the lack of contributing mortality factors, such as pathogens or further drought. 

However, it can be assumed that many trees died at this time, which is not included in the 

sample due to the decay of wood or due to the removal of these dead trees. Only later in 

2001, many of the P. nigra trees sampled in the Filabres area died, triggered by a longer 

period of moisture deficit that was followed by further drought as lethal factors (chapter IV).  

Unlike in the case of P. nigra, the decline predictions for P. sylvestris turned out to be 

relatively precise (chapter IV, V), which can probably be attributed to the higher impact of 

competition and drought, and the lower impact of randomly occurring mortality factors, as 

discussed below. The fate of a tree that is at high risk of dying depends on the presence of 

such additional contributing factors that ultimately kill a tree, but it also depends on forest 

dynamics in the direct neighborhood of this tree.  

A complex of multiple stress factors has been considered to understand the pine decline 

in the rear edge of Europe (chapter IV, V). Changed management activities over the last 40 

years must have resulted in increasing stand densities due to stand ageing and invading tree 

species, which affect the drought-intolerant P. sylvestris more than other tree species in rear-

edge (Vilà-Cabrera et al. 2011). Competition has a highly significant effect on recent growth 

rates of planted pine trees (as mentioned above), and acts as a long-term stress factor that 

predisposes trees to die (Bravo-Oviedo et al. 2006). Shallow soils as a desiccating factor are 

likely to impose a permanent stress on trees in Andalusia. Overall, drought has a limiting effect 
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on tree growth and very likely acts as a “bottleneck event” triggering plantations decline in 

Andalusia. Single, extreme drought years were found to have a short-term, reversible effect 

on tree growth, whereas multi-year drought initiated prolonged growth decreases that 

increased a tree’s risk of dying in the long term (Linares and Tiscar, 2010; Sánchez-Salguero 

et al. 2012b). It is likely that drought-insect interactions often are the final lethal factors in pine 

stands (Chapter V). Notably, the dieback response generally occurred with a lag of several 

years after the drought periods (Dobbertin, 2005). 

The methods presented in this thesis are enough powerful to demonstrate detailed cause-

effect chains, we were able to detect and quantify some of the main factors that cause the 

forest decline of P. nigra (Chapter V) and P. sylvestris (Chapter IV). To provide an improved 

mechanistic understanding of the mortality processes of trees, a large number of vigorous and 

dying trees would need to be studied using ecophysiological methods over several years or 

even decades. Also, the associated mortality factors would need to be monitored in detail. 

Such a comprehensive approach would be very costly, whereas the approach used in the 

present thesis is relatively simple, but still quite effective. 

 

3.3 Specific species responses 

The quantitative growth-defoliation relationships derived in this thesis allow for an 

assessment of the stress tolerance of different tree species at different sites. Thus, qualitative 

and subjective classifications of stress tolerance of trees can be confirmed or rejected based 

on more objective dieback-growth models: for a few  tree species (P. nigra and P. sylvestris), 

we detected a high decreasing growth rates with increasing in defoliation, which supports the 

growth-differentiation hypothesis for these species. However, most species fit the hypothesis of 

Waring and Pitman (1985) who related increased survival probabilities to increased radial 

growth. For some species, the stress tolerance was in line with the literature, e.g. the high stress 

tolerance of P. halepensis (Klein et al. 2011); P. nigra (Martín-Benito et al. 2010a); P. sylvestris 

(Martínez-Vilalta and Piñol, 2002), whereas other species showed some deviations such as 

Pinus pinaster (Bravo-Oviedo et al. 2006).  

Our results agrees with our hypothesis that P. sylvestris, the most vulnerable species to 

drought based on its hydraulic architecture and other physiological traits (Martínez-Vilalta et 

al. 2004), should show the highest needle loss and growth decline in response to warming-

related drought stress whereas P. halepensis presented the lowest defoliation degree and the 

post-drought reduction of basal area increment was minor in this species as compared with the 

former one. 
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The ranking of the studied species based on their vulnerability against drought stress 

coincided with their ordination in terms of growth decline and needle loss which was highest in 

the case of P. sylvestris and lowest in the case of P. halepensis (and natural P. nigra), being 

respectively the most and less vulnerable pine species (Chapter III, IV, V). Furthermore, the 

poorest basal area increment model, in terms of variance explained, corresponded to the most 

defoliated individuals of Scots pine. The proposed arrangement is in agreement with species-

specific physiological mechanisms and traits which could account for these differential 

responses. Based on data of wood anatomy and hydraulic conductivity, P. sylvestris and P. 

nigra are regarded as more vulnerable to drought-induced xylem embolism than P. pinaster 

and P. halepensis (Oliveras et al. 2003; Martínez-Vilalta et al. 2004; Bréda et al. 2006; 

Camarero et al. 2010). Circum-Mediterranean pine species with certain resistance to drought-

induced embolism and high growth rates, like P. pinaster, showed also a drought-induced 

reduction in basal area increment and moderate defoliation (Chapter II, III). Hence, cumulative 

water deficit may constrain growth even in species supposedly acclimated to dry conditions 

(Linares et al. 2010b). This reinforces the search of mechanistic links between drought-induced 

growth decline, defoliation and physiological responses (Sala et al. 2010). Despite the 

retrospective nature of our observations precludes the establishment of causal factors, it allows 

reconstructing effects of drought on growth in co-existing species with different vulnerability 

against water deficit and postulating hypotheses. For instance, our results suggest that fast-

growing species or trees may show a greater predisposition to drought-induced decline that 

slow-growing ones (Chapter III, V).  

P. sylvestris is not well adapted to withstand drought stress because of its limited 

plasticity of its xylem and leaf properties, whereas P. halepensis is a drought-avoiding species 

which may decrease transpiration by rapid stomata closure (Borghetti et al. 1998; Martínez-

Vilalta et al. 2009). P. halepensis usually grows in semi-arid environments where it is exposed 

to seasonal droughts and form narrow tracheids with low hydraulic conductance leading to a 

low water use and reduced stomatal conductance (Klein et al. 2011). However, pines may 

adjust their xylem and hydraulic systems in response to local conditions by increasing the 

diameter of tracheids while decreasing their number, which might lead to a sharp reduction in 

radial growth and thus to an impairment of water transport through the xylem (Eilmann et al. 

2009, 2011). Therefore, the combined evaluation of physiological and growth responses to 

water deficit of pine species across wide ecological gradients may represent a robust 

assessment of their vulnerability against drought stress. 

On the other hand, natural vs. planted P. nigra stands differences in growth models 

during drought and high competition are probably due to high water used efficiency in 
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planted forests due to high density and a diverse range of physiological and functional 

adaptations to xeric conditions (Camarero et al. 2010; Moreno-Gutierrez et al. 2011) that 

trigger defoliation loss. Defoliation (i.e., leaf-shedding), as we mentioned above, could initially 

occur as an avoidance mechanism to maintain a favorable water balance by reducing 

transpiring needle area (Bréda et al. 2006), being this mechanism the key of differentiate the 

responses of natural vs. planted stands as a consequence of high competition in dense 

plantations (Dobbertin 2005; Martín-Benito et al. 2008a) (Chapter V). Our hypothesis was 

that these plantations have shown a high risk of dying under water deficit (drought) conditions 

in agreement with our growth and defoliation models from Chapter III and IV (Moreno-

Gutierrez et al. 2011).  

In sum, the growth-defoliation-dieback relationships of most species varied with site, i.e., 

there is no universally applicable species-specific growth-mortality relationship. The site-

dependent character of the relationship found for P. sylvestris and P. nigra within the same 

forest community type (Chapter III, IV, V) was confirmed for one tree species in a 

biogeographical regions, Andalusia (Chapter V): To our knowledge for the first time, trees of 

the same species in natural and planted forests from entirely different regions were analyzed 

with the same set of decline models.  

Similar to observations of past climatic variability, an analysis of the past variability of 

growth-defoliation-dieback specific relationships would be highly useful to project future forest 

dynamics in a more reliable manner. Identifying the potential link between temporal variability 

of the growth-dieback and environmental conditions may further advance the projection of 

tree mortality processes between species in the rear edge of Europe. 

 

3.4 Implications for a mechanistic approach to understand drought-induced decline 

Species, damage class and P. nigra stands (natural vs. planted) differences for decline 

and growth models during drought and high competition are probably due to a diverse range 

of physiological and morphological adaptations (Camarero et al. 2010). Generally, P. 

halepensis, P. pinaster and P. nigra subsp. salzmanii (from more to less) exhibit functional and 

physiological adaptations that enable them postpone desiccation and increase desiccation 

tolerance (Camarero et al. 2010), in contrast with P. sylvestris. 

Constraints on balancing carbon gain and water loss are also thought to impose a trade-

off between competition and drought tolerance (Smith and Huston, 1989) in un-managed 

plantations. The proposed trade-off is premised on the assumption that competition tolerance is 

achieved by maximizing low-light carbon gain (Smith and Huston, 1989; Caspersen and Kobe, 
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2001), which increases stomatal conductance of both carbon dioxide and water vapor; higher 

in P. sylvestris (Eurosiberian specie) and P. nigra than in others species (P. halepensis, P. pinaster; 

Mediterranean species). Thus, artificial stands may face inevitable constraints on growth when 

crown height and water are simultaneously limiting (Lines et al. 2012). A possible explanation 

for our results is that the ability to survive limitation by one resource may be associated with a 

conservative strategy that confers tolerance of multiple limiting resources, which was different 

across the studied species and natural vs. planted stands (Camarero et al. 2010; Moreno-

Gutierrez et al. 2011). Indeed, there is a common set of traits that characterize plants found in 

low resource environments, including low maximum rates of resource acquisition, photosynthesis, 

and growth which allows plants to survive with resource limitation (Chapin, 1991). These 

mechanisms are regulated by biotic and abiotic factors studied in this thesis.  

Stomatal closure induced by drought stress results in a reduction of photosynthesis 

(Breshears et al. 2009). Desiccation tolerance is increased by osmotic adjustment, concentrating 

osmotically active compounds to a greater extent than could be explained solely by water loss 

(Adams et al. 2009). However, this reaction loses importance with increasing drought stress, in 

which morphological reactions (increase in the ratio of fine roots to leaves) become more 

pronounced (Thomas et al. 2002; Galiano et al. 2011). Since a reduction in shoot growth and 

therefore in the assimilating leaf area is connected with exposure to drought, drought stress 

may render the trees more susceptible (P. sylvestris) to other stress factors via a decrease in 

carbohydrate reserves (e.g., Thomas et al. 2002). In part, this was attributed to inappropriate 

silvicultural management, which had led to the planted P. sylvestris and P. nigra forests at sites 

that are unfavourable to this species (Fernández-Cancio et al. 2011). Even in cases of severe 

spring-summer drought, however, drought stress was not assumed to be the sole factor leading 

to pine decline but rather as a factor that weakens the vigour of the trees and, in combination 

with unfavourable site conditions, renders them susceptible to additional factors such as insect 

pests. This severe reduction in carbohydrate reserves presumably is responsible for the strong 

reduction or even complete lack of latewood formation, which was observed after defoliation 

in consecutive years (Galiano et al. 2011; Moreno-Gutierrez et al. 2011). The reciprocal 

relationship between the amount green needles and carbon reserves may constitute a feed-

back that limits the recovery of trees and explains the delayed effects of drought on tree 

growth and decline, which have been reported elsewhere (e.g. Manion 1981; Bréda et al. 

2006; Bigler et al. 2007; Galiano et al. 2011). 

 Constraints on balancing carbon gain and water loss are also thought to impose a 

trade-off between competition and drought tolerance (Smith and Huston, 1989; Galiano et al. 

2011) in unmanaged plantations. The proposed trade-off is premised on the assumption that 
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competition tolerance is achieved by maximizing low-light carbon gain (Smith and Huston, 

1989; Caspersen and Kobe, 2001), which increases stomatal conductance of both carbon 

dioxide and water vapor; higher in planted forests (Hernández-Clemente et al. 2011).  

In a recent study for Scots pine in the rear-edge of Europe, 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 whether the greater susceptibility to drought of now-damaged planted or natural 

trees is due to individual intrinsic factors (e.g. leaf-specific hydraulic conductivity, vulnerability 

to xylem embolism), or to edaphic or microclimatic effects (but see Martín-Benito et al. 2010b; 

Camarero et al. 2011). 

Planted P. sylvestris and P. nigra trees became increasingly vulnerable to drought, as 

reflected in the low BAI values during dry periods (Chapter III, IV, V). Long-term drought stress 

could impose further challenges to overcoming drought events, such as a requirement for 

superior carbon balance when faced with the need to recover from drought or the loss of 

needles induced by insect herbivores (Franklin et al. 1987). However, carbohydrate 

consumption required to maintain cellular metabolism (respiration) will increase due to rising 

temperatures (Adams et al. 2009; Allen et al. 2009; McDowell et al. 2008), potentially 

increasing negative effects of drought in planted forests. 

These findings could imply in the studied types of P. nigra forests and species related 

changes in endogenous parameters possibly linked to the water status and the tree carbon 

balance as Moreno-Gutierrez et al. 2011 evidenced. Such ontogenetic changes may affect 

xylogenesis (Camarero et al. 2010; Guada et al. 2012) and alter growth-climate relationships 

(Carrer and Urbinati, 2004). The increased size and structural complexity of older trees raise 

maintenance respiration costs and lower the efficiency of the hydraulic pathway, which may 

explain the lower growth rate, low climate-growth correlations and the opposite characters 

can also explain the high drought sensitivity found in planted trees (but see Candel-Perez et 

al. 2012). 
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4 Management implications 

A significant part of the uncertainty associated with growth and damage predictions is 

related to decline-mortality process, so that appropriate mortality and damage-dieback 

models are generally vital for any analysis of large-scale forestry scenarios (Chapter III, IV).  

Overall, these studies suggest that forest structure may act as an intrinsic continuous 

stressor on trees through increased competition for resources (Bravo-Oviedo et al. 2006), 

increasing in drought events, and this condition could intensify under more extreme climatic 

conditions, severely in planted stands (Navarro-Cerrillo et al. 2007) (Chapter III, IV). Clearly, 

forest structure should be given a prominent role in the study of forest dynamics under 

environmental change, as structural attributes modulate the adaptation and vulnerability of 

forests to climate-induced stress (Linares et al. 2010; Sánchez-Salguero 2012a,b). 

The P. sylvestris and P. nigra subsp. salzmanii decline process in eastern Andalusian 

planted forests was likely predisposed by past management (Gomez-Aparicio et al. 2010; 

2011). However, historical factors have been rarely considered when explaining the causes of 

forest decline perhaps because these processes act at longer time scales than short-term 

droughts (but see Camarero et al. 2011). In this study, tree competition (stand density; i.e., 

management) was a significant factor of growth decline in planted (high) and natural (low) 

forests (Chapter IV, V). 

On the other hand, since the forests from the study area have historically undergone 

different management intensities, by means of forestry methods such as thinning, a strong 

interaction between stand structure and climate-growth relationships (Martín-Benito et al. 

2010a) could be expected (Chapter III, IV, V). We also found compelling evidence for strong 

provenance and species-specific competitive effects in these forests (Chapter III, V). Altogether, 

these results constitute critical new information which not only furthers our understanding of the 

assembly of Mediterranean forests in inventory plots, but will also be of help in developing 

new guidelines for adapting planted forests in this climatic boundary to global change (Millar 

et al. 2007; Sánchez-Salguero et al. 2012a). 

Our results have implications for forest management and measures aiming to adapt 

natural and planted forest stands to global change. At the same time, the relevance of forest 

management as thinning treatments and sustainable harvest activities could potentially be used 

to mitigate the effects of climate change on high-density artificial stands in the Mediterranean 

Basin (Millar et al. 2007; Galiano et al. 2010; Gomez-Aparicio et al. 2011) and the 

naturalization of mountain planted forests, in conjunction with the use of enrichment planting to 

enhance biodiversity and foster secondary succession (Ruiz-Benito et al. 2012). Silvicultural 

practices, such as intensive thinning operations carried out during the early damage stage, can 
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alter survival and damage patterns; therefore, the monitoring of the defoliation process should 

be carried out in stands under different conditions to allow prediction of survival at any point 

in the life of a plantation. In order to avoid or limit further growth declines in planted trees, 

foresters could promote less dense stands and it will increase their probability of survival. 

However, it is important to note that other important processes for forest development not 

analyzed in this thesis, such as natural regeneration or increase of biodiversity, might need 

different stand conditions (Gomez-Aparicio et al. 2010; Ruiz-Benito et al. 2012). 

Several of the key questions that scientists and managers currently face regarding the 

future of Mediterranean forests concern their response to predicted climate change and the 

mitigation tools available to increase their resilience to these changes (Gomez-Aparicio et al. 

2011). Our results clearly indicate that although climate exercises considerable direct control 

over tree species performance, its effect is modulated by biotic factors such as competition, 

species or natural vs. planted origin. 

Because competitive effects in these forests can suppress growth by almost 100%, 

species can have a very limited capacity to respond to climate at high competition levels in 

planted forests (Gomez-Aparicio et al. 2011). Three main corollaries arise directly from these 

results. First, studies of climate change effects on tree performance must necessarily consider 

stand origin, something that has seldom been done so far (but see Moreno-Gutierrez et al. 

2011). Second, the reduction of competition by thinning should be considered as an 

adaptation measure that could counteract the negative effects of climate warming on tree 

performance (Martín-Benito et al. 2010b; Gomez-Aparicio et al. 2011). Third, any 

management measure that promotes forest densification (e.g., abandonment of thinning 

operations in reforestations, severe protection in natural areas) should be evaluated carefully, 

since it could cause an increase in competition for resources (particularly water) enhancing 

species vulnerability to a drier climate (Linares et al. 2010a; Sánchez-Salguero et al. 2012a) 

and decreasing forest biodiversity (Ruiz-Benito et al. 2012). 

In summary, our results show that adapting Pinus spp. rear-edge forests to climate 

change can greatly benefit from information that indicates how competitive effects in 

conjunction with climate trends in decline process (growth and defoliation) vary with species 

and forests origin. Specifically, this knowledge will be essential to provide detailed 

recommendations to guide silvicultural activities aimed at reducing competition that will 

perform better under a given set of new climatic conditions such as recurrent drought episodes. 
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5 Areas for future research  

The growth-defoliation-decline relationships of the analyzed species may be grouped 

into functional groups. This classification of stress tolerance groups can be regarded as a 

complement to the management decision system (Bigler et al. 2003) and may continue a long 

history of attempts to classify plants based on their functional features (Smith et al. 1997). 

Thus, additional tree species from a range of different site conditions could help to elucidate 

the potential of such a classification. In the case of a lack of growth and vulnerability 

information of trees, new permanent plots could be installed using dendrometer bands that 

may combine some advantages of both tree-ring and permanent plot data. However, the 

anticipated classification is likely to depend on site characteristics – therefore it would be 

interesting to analyze the causal influence of sites on the growth-dieback relationship. In this 

context, trees that died at long-term ecosystem research plots (e.g., from AFMN) bear an 

enormous potential to gain knowledge about the physiological side of the dieback process 

prior to tree death: Daily analyses of tree growth with dendrometer bands can be correlated 

to sap flow changes, hydraulic conditions, etc. In addition, stable isotopes such as 13C and 18O 

may help to better relate mortality to drought (Scheidegger et al. 2000).  

Generally, many mechanisms of carbon allocation in trees are still unknown and subject 

to intensive research (e.g., Camarero et al. 2010; Galiano et al. 2011). The ability of trees to 

survive low growth conditions strongly depends on the longevity of xylem cells assuring water 

transport in the tree. In this thesis, the focus was set on the growth reduction of long term tree 

ring, but it is unclear whether trees are able to postpone the process of tylosis in order to 

sustain their water transport in new cells. Thus, wood anatomical research may help to 

elucidate growth and mortality processes at a higher-than-annual resolution, i.e. at an intra-

ring level (e.g, Guada et al. 2012).  

Overall, in this thesis newly developed methods or methodological improvements were 

used to estimate the phenomenological relation between tree growth, defoliation and 

mortality. Most of the applied species-specific models showed a high accuracy and 

discriminatory power. In the context of forest succession models, these growth-mortality 

relationships should lead to more realistic projections of past and future forest dynamics. In a 

wider sense, they reveal the behaviour of tree species under suboptimal conditions and their 

potential of surviving. 

In conclusion, the establishment of long-term thinning experiment in combination with the 

last techniques (dendrometers, isotopes, anatomical analysis, physiological measures, etc) and 

statistical models could improved the information applicable to help in developing new 
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guidelines for adapting planted forests in this climatic boundary to global change, in order to 

get the best management decision. 
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The relevant conclusions of this thesis after to explore tree decline processes for a range of 

tree species by formulating decline and growth models, highlight: 

 

1. In southeastern Spain, annual temperature has increased and spring precipitation has 

declined during the twentieth century, leading to a long-term reduction in water 

availability, during the major period of cambial activity and wood growth acting as 

the major triggering factor of forest decline. 

2. These regional climatic changes and the severe droughts of 1994-1995, 1999 and 

2005, which may have been unprecedented during that century, induced a decline in 

radial growth and the selective defoliation affecting selectively pine species and sites; 

being the defoliation level and the reduction in basal area increment higher in the pine 

species more vulnerable to drought-induced xylem embolism (P. sylvestris) than in those 

more resistant (P. halepensis).  

3. The forest decline of pine plantations described in southeastern Spain was 

characterized by a rapid growth reduction and widespread defoliation, particularly 

affecting P. sylvestris planted stands whose future persistence is unlikely under the 

predicted warmer and drier conditions.  

4. Tree growth and crown defoliation can complement each other to understand the forest 

decline process modeling. Those can serve as tree vitality or stress indicator depending 

on the type and extent of the stress factor, that in conjunction with dendrochronological 

data as a valuable complement to visual inventories, providing the advantage of a 

retrospective analysis of growth conditions with an annual and seasonal resolution.  

5. Our study documents an episode of multifactor selective forest decline in a forest under 

increasing drought. The models point toward the essential role of the balance between 

competition (management) and moisture limitations for plant development during 

droughts (water availability).  

6. The models developed for different planted Pinus spp. and natural vs. planted P. nigra 

forests reveal that the damage probability of a tree is conditioned by the tree size, 

competition (predisposing factors) and climate conditions (inciting and contributing 

factors), but there was a remarkable difference in how competition and temperature-

precipitation relationship affects the growth process in studied pine species and P. 

nigra types of forests.  

7. This decline process observed at the local scale supports biogeographical approaches 

revealing that many rear-edge populations of P. sylvestris and P. nigra sheltered in the 
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mountain environments of the Iberian Peninsula could be at risk under future climate 

scenarios.  

8. The models developed relating decline and growth processes to stands can represent a 

valuable contribution to guidelines on forest management techniques. The relevance of 

these techniques as thinning treatments and sustainable harvest activities could 

potentially be used to mitigate the effects of climate change on high-density planted 

stands in the Mediterranean Basin. But, if warming temperatures and reduced 

precipitations exceed certain thresholds, the positive effects produced by density 

reductions might not be able to compensate for increasing drought limitations. 

9. The establishment and use of long-term monitoring plots in Mediterranean forests (e.g., 

AFMN network) are therefore important to also monitor the possible stress factors and 

environmental conditions affecting tree growth and crown defoliation, to identify the 

stages (predisposing, inciting and contributing factors) of the decline process.  

10. Our results demonstrate that trees from planted stands experience stronger growth 

reductions during severe drought episodes than those from natural ones. The latter 

trees showed a more plastic response to drought by reducing growth more than 

planted trees but also recovering faster afterwards. In this same sense, growth in 

natural stands experienced less inertia than in planted ones, and this may explain why 

these trees were less vulnerable to drought stress than planted trees.  

11.  The combined use of tree-ring width and crown defoliation in statistical models, which 

recorded biotic and abiotic factors, showed an enormous potential in forest ecology 

research. These variables complement each other and together cover a wide spectrum 

of temporal-spatial scales and partial processes of growth involved.
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Photo 1: Pine plantations in the study area with recent decline of P. sylvestris stand with abundant defoliated and 

dead trees in 2008. 
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Photo 2: Sampling methods for dendrochronological studies. 
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Photo 3: Laboratory measurements with LINTAB-TSAPTM (upper) and WinDENDROTM (below).
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2008. Evaluación de los trabajos de repoblación para favorecer la restauración del 
pinsapar de la Sierra de las Nieves (1960-2007). Cuadernos de la SECF 2008. 
Comunicación GT Repoblaciones Forestales SECF (2008). 
 
Navarro-Cerrillo, R.M.,  Sánchez-Salguero, R. 2008. Desarrollo de alternativas para el 
control de daños de procesos de decaimiento en la Sierra de los Filabres.  Informe 
técnico preparado para EGMASA-Consejería de Medio Ambiente, Junta de Andalucía. 
Universidad de Córdoba.  
 
Navarro-Cerrillo, R.M., Sánchez-Salguero, R.. 2008 “Informe técnico sobre daños 
derivados de los procesos de decaimiento por cambio climático en el complejo 
montañoso Sierra de Baza (Granada)- Sierra de los Filabres (Almería)” Informe técnico 
preparado para EGMASA-Consejería de Medio Ambiente, Junta de Andalucía. 
Universidad de Córdoba.  
 
Navarro-Cerrillo, R.M., Sánchez-Salguero, R. 2008. “Estudio de modelos de predicción 
de procesos de decaimiento en masas de Pinus sylvestris L. y Pinus nigra Arnold. en la 
Sierra de Los  Filabres a partir de datos dendrocronológicos”: Informe técnico 
preparado para EGMASA-Consejería de Medio Ambiente, Junta de Andalucía. 
Universidad de Córdoba. 
 

Navarro-Cerrillo, R.M., Fernández-Cancio, A., Sánchez-Salguero, R., Carrasco 
Gotarredonda, A., Ruiz Navarro, J. 2007. Evaluación de procesos de decaimiento en 
masas artificiales de pino en la Sª de los Filabres (Almería). Análisis de sus causas y 
alternativas de control. Informe técnico para EGMASA-CMA-Junta de Andalucía. 
Departamento de Ingeniería Forestal. Universidad de Córdoba.  
 
Navarro-Cerrillo, R.M., Herranz Baquero, O., Sánchez-Salguero, R. 2007. Gestión 
integrada del monte alcornocal. Red de parcelas piloto. Informe técnico preparado 
para WWF/ADENA. Universidad de Córdoba. 
 
Navarro-Cerrillo, R.M., Herranz Baquero, O., Sánchez-Salguero, R. 2007. 
“Establecimiento de una red de gestión integral de parcelas afectadas por seca en 
Andalucía” Informe técnico preparado para COAG Andalucía. Universidad de 
Córdoba.  

 

Navarro-Cerrillo, R.M.; Lara Fernández, A.J.; Blanco Oyonarte, P.; Calzado Martínez, 
C.; López Quintanilla, J.; Fernández Cancio, A.; Guzmán Állvarez, J.R.; Sánchez-
Salguero, R.  2006. Aproximación a la definición del hábitat fisiográfico del Abies 
pinsapo Boiss. Investigación Agraria, Sistemas y Recursos Forestales. INIA-Ministerio de 
Ciencia e Innovación (2006) Fuera de serie 137-152. 

 

Congress 

Invited conferences: 
 
Hernández Bermejo, E. Herrera Molina, F.2007 (8-11 October). “New Geo-Technologies 
application in seed bank management”. CONGRESS: INTERNATIONAL WORKSHOP 
“New Geo-Technologies application in seed bank management” ENSCONET, BGVA 
(Banco de Germoplasma Vegetal Andaluz), Jardín Botánico de Córdoba y Universidad 
de Córdoba. Oral presentation. Universidad Internacional de Andalucía (Baeza). 
 



 

 

 

Sánchez-Salguero, R., Navarro-Cerrillo, R. M., Camarero, J. J., Fernández-Cancio, A. 
Climatic causes of forest decline due to global climate change in Mediterranean pine 
forests in southeastern Spain.  IUFRO 2010: Global Change and Mediterranean pines. 
Alternatives for management. Oral presentation. Universidad de Valladolid y Palencia. 
2010 (10 - 12 February). 
 
Sánchez-Salguero, R. Navarro-Cerrillo, R. M., Camarero, J. J., Fernández-Cancio, A. 
Selective drought-induced decline of pine species in southeastern Spain. Tree-Ring Talk 
seminars. Oral presentation. Laboratory of Tree-Ring Research, University of Arizona, 
Tucson, USA. 2010 (22 September) 
 
Sánchez-Salguero, R. Navarro-Cerrillo, R. M., Sánchez De la Cuesta R. La Red de 
Equilibrios Biológicos del Pinsapar: Hacia un sistema de evaluación del Cambio Climático 
en Pinsapares. Jornadas Técnicas. Consejería de Medio Ambiente, Junta de Andalucía. 
Jornadas Técnicas sobre el Pinsapar. Oral presentation. Zahara de la Sierra (Cádiz) 
P.N. Sierra de Grazalema Consejería de Medio Ambiente. 2010 (26-28 November) 
 
Sánchez-Salguero, R. Navarro-Cerrillo, R. M., Camarero, J. J., Fernández-Cancio, A. 
Selective drought-induced decline of pine species in southeastern Spain. 24. International 
Dendroecological fieldweek WSL Swiss Federal Research Institute, Birmensdorf, 
Switzerland 
Oral presentation. Engelberg/Suiza. WSL Swiss Federal Research Institute,  Switzerland 
2011 (12-18 September) 
 
Oral presentations in congress 
 
Sánchez-Salguero, R., Navarro-Cerrillo, R. M., Camarero, J. J., Fernández-Cancio, A., 
Lara Delgado,J. Causas climáticas del decaimiento selectivo de pinares en el sureste de 
España. V Congreso Forestal Español. Montes y Sociedad: Saber qué hacer. Oral 
presentation. Ávila. 2009 (21 - 25 septiembre). 
 
Poster 
 
Herrero Méndez, A., Sánchez-Salguero, R., Navarro-Cerrillo, R. M., Zamora Rodríguez, 
R., Castro Gutiérrez, J. Comparación del crecimiento entre una especie boreal y una 
mediterránea en repoblaciones de montaña. V Congreso Forestal Español. Montes y 
Sociedad: Saber qué hacer. Ávila. 2009 (21 - 25 September). 
 
Cayuela, L., Bonet, F. J., Navarro-Cerrillo, R., De Zavala, M.A., Hernández Clemente, R., 
Sánchez-Salguero, R., Zamora, R. Detección del decaimiento en masas de P. sylvestris L. 
y Pinus nigra Arnold. procedentes de repoblación en la Sierra de Los Filabres (Almería) 
mediante el uso del sensor MODIS. V Congreso Forestal Español. Montes y Sociedad. 
Saber qué hacer. Ávila. 2009 (21 - 25 September). 
 
Sánchez-Salguero, R., Camarero, J. J., Navarro Cerrillo, R. M., Fernández Cancio, A. 
Climatic causes of forest decline of Mediterranean pines in southern Spain. 
Eurodendro2009 (European Workshop in Dendrochronology). The Tree ring research 
group at Swansea University and the Dendrochronology Laboratory at Manchester 
Metropolitan University. Mallorca (España). 2009 (26 - 30 October). 
 
Sánchez-Salguero, R., Navarro Cerrillo, R. M., Camarero Martínez, J. J Fernández 
Cancio, A. Contrasting growth responses to drought-induced decline in four pine species. 
EEFCongress. (12 European Ecological Federation Congress). Ávila (España). 2011 (25 - 
29 September). 



 

 

 

 
Sánchez-Salguero, R., Navarro Cerrillo, R. M., Swetnam, T.W., Zavala, M.A. Factors 
influencing crown condition and tree growth in decaying pine plantations in the species 
rear edge: is drought the main decline factor?. EEFCongress. (12 European Ecological 
Federation Congress). Ávila (España). 2011 (25 - 29 September). 
 
Sánchez-Salguero, R.,Torralbo Cobos, J.M., Prades Lopez, C. Dendroecology in Stone 
pine: a tools for evaluating growth and production models in Cordoba (Andalusia) 
forests. AgroPine2011 International Meeting on Mediterranean Stone pine for 
Agroforestry. Valladolid (España). 2011 (17 - 19 November). 

 

Advanced training 

Universidad de Córdoba- ERSAF. Córdoba. 16-20 April 2012. LiDAR aplicado al 
inventario y evaluación de recursos forestales. I Edición. 50 hours. 
 
Fundación Empresa Universidad de Granada- C.E.A.M.A. Granada. 25-29 April 2011. 
Likelihood Methods and models in Ecology. I Edición. by Dr. Charles D. Canham (Cary 
Institute of Ecosystem Studies, Millbrook, NY). 34 hours. 
 
WSL Swiss Federal Research Institute, Birmensdorf, Switzerland/ 24. International 
Dendroecological fieldweek. Engelberg. Switzerland. 12-19 September 2011. 24. 
International Dendroecological fieldweek. 50 hours. 
 
Fundación Empresa Universidad de Granada- C.E.A.M.A. Granada16-19 November 
2009. Análisis de Datos Ecológicos en R. I Edición. 20 hours. 
 
Asociación Española de Ecología Terrestre. Úbeda (Jaen). 18-22 October 2009. 
Introduction to Bayesian Statistic by Dra. Kiona Ogle (University of Wiomyng). 8 hours. 
 
Museo Nacional de Ciencias Naturales, Consejo Superior de Investigaciones Científicas. 
Madrid.  “Curso Práctico de Estadística Exploratoria Patrones naturales obtenidos 
mediante regresión”. 20-31 October 2008 
 
Cátedra de Medio Ambiente-Enresa. Universidad de Córdoba. Córdoba Academic year 
2006/ 2007 .Sistemas de información Geográfica. ArcGIS 9. 110 hours. 
 
 
 
Training stages: 

INSTITUTION: Instituto Pirenaico de Ecología - Consejo Superior de Investigaciones 

Científicas  

CITY: Zaragoza     COUNTRY: Spain      YEAR: 2008  TIME: 1 moth 

TOPIC: Dendroclimatology  (J.J. Camarero)  

INSTITUTION: Instituto Pirenaico de Ecología - Consejo Superior de Investigaciones 

Científicas  

CITY: Zaragoza COUNTRY: Spain             YEAR: 2009  TIME: 1 moth  

TOPIC: Dendroecology and spatial ecology (J.J. Camarero)  

INSTITUTION: Laboratory of Tree-Ring Research. University of Arizona 



 

 

 

CITY: Tucson COUNTRY: USA            YEAR: 2010  TIME: 3 moths  

TOPIC: Dendroecology  and ecological modelling (T.W. Swetnam)  

INSTITUTION: WSL Swiss Federal Research Institute, Birmensdorf, Switzerland 

CITY: Birmensdorf  COUNTRY: Switzerland         YEAR: 2011  TIME: 3 moths  

TOPIC: Dendrocronology, ecological modelling and spatial ecology  (M. Dobbertin) 

 

Others merits: 

Honorary Collaborator at Department of Forest Engineering, University of Córdoba  
Academic year 2007/2008, 2008/2009,2009/2010, 2010/2011 
 
Other awards: 
 
SPECIAL AWARD obtained at the end of the Degree in Forestry Engineering. Degree 
project: Potential distribution of pinsapo (Abies pinsapo Boiss.) in the Natural Park of 
"Sierra de Grazalema". Implications for the regeneration of the species under cover of 
pine plantation. "agreement by the governing council of the University of Córdoba, 
October 30, 2007. 
 
V PRIZE OF OFFICIAL FORESTRY ENGINEERING COLLEGE FOR THE PROJECT: 
Potential distribution of pinsapo (Abies pinsapo Boiss.) in the Natural Park of "Sierra de 
Grazalema". Implications for the regeneration of the species under cover of pine 
plantation.  
 
 
IX PRIZE "JOSE MARIA Bergillos" FOR THE PROJECT: Potential distribution of pinsapo 
(Abies pinsapo Boiss.) in the Natural Park of "Sierra de Grazalema". Implications for the 
regeneration of the species under cover of pine plantation. 
 
Associated professor (FPU scholarship program) in the Forestry Department at University 
of Córdoba. Academic year 2010/2011, 2011/2012. 

 



 

 

 

 

 

A mi querida Benamahoma 

 

 




