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ABSTRACT 
 

Rising aridity, mostly driven by higher temperatures and reduced precipitation, will likely 

undermine the health status of forest ecosystems. Experiments and observations point to the 

likelihood that if climate changes proceed at its current rate, the resilience of many forests 

will be threated by altering their structure and functions and reducing their capability to 

provide ecosystem services. Such increasing drought conditions, coupled to other biotic and 

abiotic drivers, are synergistically leading to responses in tree morphology, physiology, 

growth, reproduction, and forest mortality in different areas of the Mediterranean Basin. 

However, our understanding of vegetation dynamics in response to climate changes is still 

lacking, as a robust comprehension relies on the need to obtain insights at multiple temporal 

and spatial scales. In this context, we sought to forecasting vegetation response to climate 

stressors, particularly during dieback episodes when tree vulnerability is exacerbated. The 

first section of this study focused on tree and shrub populations exhibiting recent dieback 

phenomena in Italy (Quercus pubescens, Quercus frainetto) and Spain (Pinus sylvestris, 

Juniperus phoenicea). The general aim was to investigate how remotely sensed measures of 

vegetation activity and radial growth (BAI, basal area increment) responded to climate 

extreme events. To this purpose, we compared trees and nearby stands showing different 

vigor, i.e., dieback vs non-dieback, assessed as growth decline, elevated canopy defoliation 

and rising tree mortality rate. To disentangle growth and NDVI responses to drought, we 

accounted for two components of drought, namely elevated vapor pressure deficit (VPD) and 

low soil moisture. As a whole, the response of the investigated species to VPD increase was 

characterized by growth reduction. In Scots pine, high VPD was linked to a loss of growth in 

declining individuals which did not respond to changes in soil moisture. Oaks responded 

mostly to soil moisture, whereas the juniper was the most negatively affected by higher VPD. 
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Indeed, the different hydraulic strategies (anisohydric vs. isohydric species) could partially 

explain the contrasting growth responses to drought proxies. We also found that dieback 

stands exhibited lower NDVI values than non-dieback stands. In most cases, NDVI and BAI 

was positively correlated and such relation likely relied on specific time windows. In the 

second part of the thesis, the phenological behavior of Mediterranean oak forest stands 

(Quercus cerris, Quercus pubescens, and Quercus frainetto), showing evident decline 

symptoms, are investigated by using a satellite-based approach. We explored how a 

phenological (PPI, Plant Phenology Index) index would be capable to reflect the seasonal 

vegetative dynamics of forests affected by dieback phenomena. We found that dieback forest 

stands - characterized by a higher ratio of crown-defoliated trees - showed distinct 

phenological performance as compared to non-dieback stands. In detail, our results revealed 

that dieback stands lengthened the growing season by delaying autumn leaf senescence. 

Nevertheless, both seasonal amplitude and productivity were found to have higher values for 

non-dieback stands as compared to dieback stands. Furthermore, it was highlighted that non-

dieback stands experienced either greening up or senescence periods more rapidly than 

dieback ones. Overall, our framework demonstrated that the effects of climate extremes on 

vegetation can be detected either in terms of canopy greenness or radial growth reductions, 

thus hinting at the opportunity to both employ remotely sensed data as a stand-level indicator 

of vegetation stress and to scaling up informations from tree to stand levels by using the 

maximum growing season NDVI and tree-ring width data taken at the individual scales. Our 

findings also highlighted how patterns of vegetation response to climate extremes may depend 

on both the water use strategies of trees and shrubs and site-specific climatic conditions. 

Hence, coupling proxies of forest productivity (NDVI, BAI) may be employed for 

retrospective modeling of the impact of drought stress on forest productivity and tree growth, 

enhancing our knowledge and forecast of drought-induced dieback phenomena in woody 

plant communities. 
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Furthermore, the second part of the work revealed the phenological behaviour of 

Mediterranean forest populations showing clear symptoms of decline. We speculated that the 

lengthened growing season may be related to the dieback trees' effort to compensate for the 

reduction in whole-plant photosynthesis, associated to canopy decline. Increased 

photosynthesis during the season under higher temperatures and increased light availability, 

due to global warming, provided a possible explanation for the greater seasonal amplitude and 

productivity of healthier stands. Our findings may provide new insights on phenological 

response to climate change in semi-arid regions, highlighting how trees, showing clear 

symptoms of decline, may keep their vital activities by changing their phenological 

performance. What described above leads to a crucial question concerning the potential 

implications of observed phenological shifts on the global carbon and water balance of 

terrestrial ecosystems under future climate change. Hence, in the coming years, this study 

could provide a more comprehensive overview on climate-vegetation interactions, mainly in 

the Mediterranean Basin, where intensified global warming and aridification trends are 

expected. Nonetheless, more investigations on the interactive effects among different 

environmental factors, are needed to improve our understanding of the underlying 

mechanisms affecting vegetation response.  

 

 

 

Keywords: climate change, forest dieback, Mediterranean area, radial growth, satellite-based 

vegetation indices. 
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CHAPTER 1 – General Introduction 
 

Preface 
 

Forest ecosystems cover 31% of the Earth's land surface (FAO, 2020), thus contributing 

significantly to the global carbon cycle as sequestration sinks (Körner, 2017; Pan et al., 2011). 

Forests hold the majority of biodiversity in terrestrial ecosystems, perform an essential role in 

climate mitigation and provide a wide range of environmental and economic benefits to 

society. In the last decades, some of those functionalities could be endangered by climate 

change: higher temperatures and reduced precipitation are leading to more intense and 

frequent droughts and heat waves (Anderegg et al., 2020), with consequent impacts on the 

complexity, structure, and functioning of forest ecosystems (McDowell et al., 2020). Climate 

stressors may affect forest species and their dependent communities' dynamics either in the 

short-term, e.g., by influencing the growth and reproductive cycle of trees (Babst et al., 2019), 

or in the long-term by inducing changes in their distribution range (Batllori et al., 2020). 

Consequently, as a response to the exacerbation of such phenomena, the resilience of many 

ecosystems will likely be exceeded (IPPC, 2014), although some forest populations are more 

adapted to tolerate seasonal drought periods and/or irregular rainfall regimes (Gazol et al., 

2018a). The Mediterranean region is an extremely important biodiversity hotspot, which is 

likely to experience increasingly arid conditions that can contribute to increasing forests 

vulnerability (Camarero et al., 2021a; Lloret et al., 2021, among others). Evidence is reporting 

that the health of forest communities is treated by climate extremes, which are leading to tree 

decline and mortality due to impairment of plant hydraulics, and reductions in carbon uptake 

(Gaylord et al., 2013; Hartmann et al., 2015). 
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1.1 Forest dieback and mortality 

 
Climate-induced forest mortality is an emerging global phenomenon (Allen et al., 2015), at 

both regional and local scales (Anderegg et al., 2020; Hartmann et al., 2018; Senf et al., 

2020), leading to major implications for the functioning of these key ecosystems (Anderegg et 

al., 2013). Reported increases in tree mortality indicate an intensifying forests vulnerability 

worldwide under warming temperatures and prolonged and more intense droughts associated 

with increased climate variability (IPPC, 2018). Recently, several local surveys reported an 

increased rate of tree mortality in response to drought throughout Europe (Buras et al., 2018; 

Peñuelas et al., 2001, among others). On that note, Caudullo and Barredo (2019) reported 293 

severe forest mortality events in Europe for the period 1970-2019. Die-off phenomena as a 

consequence of severe water shortages have been reported mostly in drought-prone 

ecosystems such as Mediterranean forests (Allen et al., 2010; Hartmann, 2011). Different 

studies carried out in deciduous and coniferous forests highlighted the widespread occurrence 

of these phenomena in the Iberian Peninsula: e.g., Abies alba Mill. and Pinus sylvestris L. 

(Pellizzari et al., 2016; Voltas et al., 2013), Pinus pinaster Aiton. (Gea-Izquierdo et al., 2019; 

Moreno-Fernàndez et al., 2021), Quercus robur L., Quercus pubescens Willd. and Fagus 

sylvatica L. (Camarero et al., 2021b), Quercus frainetto Ten. and Quercus canariensis Willd. 

(Sánchez-Salguero et al., 2020a), Pinus nigra J. F. Arnold (González De Andrés et al., 2020). 

Even several juniper species exhibited widespread dieback over the last years, although they 

are supposedly better adapted to tolerate low water availability periods compared to co-

existing tree species such as pines (Camarero et al., 2020; Gazol et al., 2017; Sánchez-

Salguero et al., 2020b). In addition, Gentilesca et al. (2017) provided an overview of this 

phenomenon's extent for oaks located in the western Mediterranean Basin, focusing on Italy 

and Spain. 
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In Italy, isolated oak decline cases have been observed since the end of the last century: at 

first, the phenomenon was detected in the northeastern area, mainly affecting Quercus robur 

L.; it, subsequently, became widespread in central and southern Italy, mostly involving 

Quercus cerris L., Quercus frainetto Ten., and Quercus pubescens Willd. in either pure or 

mixed forests (Barzanti et al., 2001; Di Filippo et al., 2010). Recent investigations carried out 

in identified forest stands in Valle d'Aosta revealed several dieback and mortality cases 

affecting Pinus sylvestris L. (Castagneri et al., 2015; Vacchiano et al., 2012). Moreover, 

Pollastrini et al. (2019) outlined the impact of the 2017 summer drought on the populations of 

several representative species occurring in central Italy (Fagus sylvatica L., Quercus 

pubescens Willd, Quercus cerris L., Quercus ilex L., and Phillyrea), highlighting their 

different responses and recovery capacity after disturbance phenomenon. Evidence of oak 

forests, showing clear evidence of foliage losses, growth decline, and mortality, is reported 

also in the Southern Apennines, for which dendro-isotopic and wood-anatomy investigations 

are already underway: namely, the Gorgoglione mixed forest, which is dominated by Quercus 

cerris L. and Quercus pubescens Willd. (Colangelo et al., 2018), and the high forests of San 

Paolo Albanese and Oriolo, both characterized by Quercus frainetto Ten. (Colangelo et al., 

2017a, 2017b; Ripullone et al., 2020). The widespread phenomena of forest decline and 

mortality have also been affecting the lowland oak forests over the last years. In the past, 

these forest populations have been intensively exploited, reducing their extent and 

fragmenting their natural distribution, thus making the entire ecosystem extremely vulnerable 

to climate change. Currently, the multiple significance and relevance of lowland oak forests 

are broadly understood. Many scientific activities and projects have been carried out in recent 

years in different forest populations, e.g., the Regional Oriented Reserve “Bosco Pantano” in 

the Policoro territory and the Ticino Park: that is, the research activities aim to explore and 

assess the underlying causes and mechanisms of the decline of Quercus robur L. 
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Overall, dieback symptoms typically consist of a marked reduction in tree vigor (e.g., shoot 

death and leaf drop, epicormic shoot production), growth decline, and high mortality rates. 

Two major mechanisms are involved in tree dieback and mortality: hydraulic failure and 

carbon starvation (Choat et al., 2018; McDowell et al., 2011). Hydraulic failure is related to 

the conductivity loss induced by embolism: that is, it occurs when the transpiration water loss 

is higher than the absorption by the roots, leading to pressure in the xylem becoming 

increasingly negative. Beyond a given threshold value, the pressure reduction causes the 

formation of gas bubbles in the xylem conduits (cavitation), which then diffuse into the 

vascular system (embolism), thereby impeding water transport. Meanwhile, carbon starvation 

occurs as a consequence of prolonged stomatal closure, resulting in a negative carbon balance 

(McDowell et al., 2008; Sevanto et al., 2014). 

The influence of drought on forest structural and functional conditions may be sensitive to 

tree size: i.e., enhanced mortality of smaller trees may affect future forest succession, whereas 

mortality of larger individuals leads to disproportionate carbon stock losses (Lindenmayer et 

al., 2012). Smaller trees, as reported for instance by Zhang et al. (2017), may be more prone 

to water stress as their roots are shallower, resulting in limited access to water in deeper soil 

layers. In contrast, larger trees might be most affected negatively by drought owing to higher 

evapotranspiration rates and more water demand, as compared to smaller individuals (Bennett 

et al., 2015).  
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1.2 Forest health monitoring  

 
Assessing the state of health and vitality of forest ecosystems, through monitoring of dieback 

and mortality phenomena, is fundamental to develop and implement measures for climate 

impacts mitigation, as well as recovery and adaptation strategies. The vegetative status 

conditions of forests can be evaluated either by ground-based surveys or through remote 

sensing, using images captured by drones and satellites. 

Tree-ring samplings provide information on the amount of wood being formed from the stem, 

which may be related directly to biomass gain and carbon uptake (Babst et al., 2014; Van 

Breugel et al., 2011). For instance, TRWIs (Tree ring width indices) are widely applied as 

long-term predictors of past forest productivity, i.e., gross primary production (GPP), as 

reported by Xu et al. (2017). Tree growth rates are highly influenced by climate and many 

studies have examined tree growth response to climate patterns and its interannual variability 

in different forest species (Babst et al., 2012; Gao et al., 2018, among others). The advantages 

of growth data include high temporal resolution, providing long-term series, and accurate 

dating. In contrast, due to their limited spatial resolution (tree level), these data can only give 

insights about forest response to climate at local scales. Moreover, although retrospective and 

reliable estimates of tree growth and productivity are achieved, tree rings require intense field 

labor to collect wood samples, as well as time-consuming laboratory work to cross-date and 

measure woody material. These issues constrain the potential exploitation of such approach 

for real-time monitoring of forest growth on large spatial scales. 

Conversely, satellite data are broadly available and may allow "near real-time" assessments 

of changes in forest health over large geographic areas (McDowell et al., 2015). Multispectral 

sensors include spectral bands from visible and infrared wavelengths which may be combined 

to provide vegetation indices (Brown et al., 2006).  
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Remotely sensed vegetation indices may report information that exhibits a greater spatial 

extent and temporal resolution, that can range from daily to yearly, as compared to traditional 

dendro-chronological surveys. One of the most widely used remote sensing indices, the 

Normalized Difference Vegetation Index (NDVI), which measures the fractional absorbed 

photosynthetically active radiation (Myneni et al., 1995), is widely recognized as a valuable 

proxy for exploring the influence of climate variability on vegetation productivity and 

phenology, owing to its tight relationship with vegetative activity and canopy cover and 

greenness (Gazol et al., 2018b; Liu et al., 2013). For instance, NDVI has been applied to 

evaluate the detrimental effects of severe drought events on forests on global scale, which are 

more pronounced in water-limited areas and for species exhibiting poor hydraulic safety 

margins (Wu et al., 2018). Further, different researches, such as Hasenauer et al. (2012), have 

reported the feasibility of estimating net primary production (NPP) derived from NDVI. 

However, the NDVI signal is likely to saturate in high cover vegetation areas, and therefore 

the Vegetation Enhancement Index (EVI), including the blue wave band to enhance its 

sensitivity, is more widely used in such applications (Matsushita et al., 2007). There are 

several papers focused on employing vegetation indices to either explore seasonal changes 

and vegetation dynamics (e.g., Ivits et al., 2013, among others) or to assess and evaluate 

climate effects on forest ecosystems (e.g., Anderegg et al., 2019). One possible gap may be 

represented by the lack of long-time series of satellite observations. Continuous remotely 

sensed data, exhibiting suitable temporal resolution, have been widely accessible since the 

1980s (i.e., NOAA-AVHRR satellites). As well, other satellite datasets either cover shorter 

periods (approx. 20 years) (e.g., MODIS ) or exhibit significant temporal gaps (e.g., Landsat).  
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For instance, the World Resources Institute's Global Forest Watch initiative 

(http://www.globalforestwatch.org) represents a valuable instrument for detecting temporal 

shifts in forest cover, related to disturbance or mortality; but the spatial resolution (30 m) 

constitutes a limitation to its application, precluding evaluations of underlying physiological 

processes. Significantly, the available spatial resolution of satellite data is frequently overly 

coarse to be directly related to growth data of small forest areas, thus rendering the 

availability of sufficient tree ring information a key constraint. The deployment of emerging 

technologies, as LiDAR, allowing the monitoring of single trees over broader patches (e.g., 

Asner et al., 2016), might bridge the gap between tree-level versus stand-scale information. 

Combining insights from multiple monitoring levels represents the real challenge.  

 

1.2.1 Ground observations and satellite data: complementary views 

Ground-based data and satellite-derived measures may provide complementary insight into 

forest health. It is crucial to validate the remotely-sensed information through testing the 

coupled/uncoupled relationship with the most reliable dendro-anatomical traits which provide 

long-term records of radial growth and are used as proxies for hydraulic conductivity and 

carbon uptake. Field observations yield information at the individual plant level, and can be 

scaled to the variety, provenance, and species-level; in addition, individual trees are observed 

within a specific micro-environment, which is more or less known. Remote sensing, on the 

other hand, gives area-averaged information which emphasizes the vegetation's prevailing 

components and is based on, e.g., greenness, and relative reflectance. Combining the strengths 

of either approach has great potential to be able to address scaling issues among individual 

plant and ecosystem responses (Bunn et al., 2013; Vicente-Serrano et al., 2016; Wang et al., 

2004).  
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Accordingly, remote sensing is a reliable, widely recognized tool for investigating intra-

annual changes in canopy greenness, and thus the relation with radial growth (Decuyper et 

al., 2020). In this way, we enhance our understanding of ecological strategies employed by 

tree species to cope and withstand drought stress conditions, by combining data from radial 

growth and remote sensing (Pompa-García et al., 2021; Vicente-Serrano et al., 2020).  

 

  

Figure 1. Spatial scales of vegetation health monitoring 

 

For instance, a positive correlation has been reported among summer NDVI and tree ring 

width from multiple studies, such as Berner et al. (2015) and Kaufmann et al. (2004). The 

timing of the relationship among ground-based data and vegetation indices, as reported by 

Kaufmann et al. (2008), may differ spatially (e.g., latitude effects) and can be related to 

vegetation types (e.g., broadleaf vs coniferous); in addition, these changes can enable the 

identification of climatic controls on tree growth.  

 

https://link.springer.com/article/10.1007/s00484-021-02170-5#ref-CR19
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Establishing an optimal link between satellite observations and tree growth (i.e., determining 

the optimal time window during which they strongly correlate) is critical, as it may better 

allow subsequently upscaling of growth measurements (e.g., Xu et al., 2019, among others) at 

the ecosystem scale. Additionally, the examination of tree growth and its relationship to 

remotely sensed metrics can provide a key tool for exploring the condition of high elevation 

forest ecosystems and understanding the ongoing impacts of climate change on growth, 

distribution, and function. As an example, Correa-Diaz et al. (2019) combined tree-ring 

measurements and remotely sensed data to investigate how forests responded to climate 

variability across altitudinal gradients. 

Lastly, Xu et al. (2018) explored the potential linkage among canopy height and forest 

responses to drought, based on multi-source data: notably, they revealed that the percentage of 

tree mortality and reductions in both stem growth and leaf growth was linked to canopy 

height. Hence, we can deduce that the negative effects of severe droughts on forests might be 

mitigated through the active management of forest structure.  

 

 

1.2 Forest dieback networking  

 
Many research institutions worldwide are undertaking concrete initiatives and scientific 

projects which are focused both on mapping and monitoring the forest decline phenomenon 

but also to relating it to other environmental drivers. For instance, the International Union of 

Forest Research Organizations (IUFRO) Task Force is carrying out activities to develop a 

global multi-disciplinary monitoring network. Tree Alert is an application that was developed 

in Great Britain by the Forestry Research Institute, aiming to evaluate the current forests 

health status and to forecast their future dynamics.  
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A further good example is provided by the AlertaForestal application, promoted by CREAF 

(Research Center on Ecological and Forestry Applications), which aims to reach the same 

objectives in Catalonia. The need to monitor these phenomena for understanding the future 

dynamics of forests has led also to the SilvaCuore’s development, the first App designed in 

Italy to survey declining forest sites and collect data that can be used as a baseline for 

planning research activities and management measures. SilvaCuore was developed from an 

idea of a group of researchers from the University of Basilicata, aiming to offer a new tool to 

detect declining forest sites in Italy and to contribute to the development of a valuable 

scientific database. The SilvaCuore App allows both researchers and citizens to contribute to 

reporting the forests' health status. Therefore, it is a Citizen Science project, which focuses on 

citizens’ direct engagement, thus enabling them to become the real protagonists of scientific 

research. Through a user-friendly interface, the App leads the users through a simplified 

reporting procedure. 
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1.3 Research objectives  
 

Increasing temperatures coupled with extreme drought events are having notable impacts on 

forest ecosystems, triggering dieback and mortality phenomena worldwide. In this context, 

the overall goal of the research activity during this PhD was to investigate the forest responses 

to climate stressors, through integration of canopy foliage dynamics and radial growth data. 

The investigation was focused in the Mediterranean basin, with a particular emphasis on local 

phenomena affecting the Iberian and Italian peninsulas, i.e., Pyrenees and Southern 

Apennines. The detailed aims can be summarized as follows:  

 

PART  I 

 
The general objective of work, described in Chapter 2, was to explore how remotely sensed 

measures of vegetation activity and radial growth responded to climate extremes. Our study 

focused on tree and shrub populations showing recent dieback phenomena; climate extremes 

were evaluated using two components of drought, namely high vapor pressure deficit (VPD) 

and low soil moisture. 

 

PART II 

The goal of the work, presented in Chapter 3, was to investigate phenological behavior of 

Mediterranean forest stands exhibiting evident decline symptoms. Through a satellite-based 

approach, we aimed to assess how a phenological index is able to reflect the seasonal 

vegetative dynamics of oak forests affected by dieback.  

 

 

 

 

 

 



29 
 

PART I 

CHAPTER 2 - Declines in canopy greenness and tree growth are 

caused by combined climate extremes during drought-induced dieback 

 

 

 

Graphical abstract  
 

 

 
 

 

 

Abstract  
 

Several dieback episodes triggered by droughts are revealing the high vulnerability of 

Mediterranean forests, manifested as declines in growth, increased defoliation, and rising 

mortality rates. Understanding forest responses to such climate extreme events is of high 

priority for predicting their future vegetation dynamics. We examined how remotely sensed 

measures of vegetation activity (NDVI, Normalized Difference Vegetation Index) and radial 

growth (BAI, basal area increment) responded to climate extreme events. We considered tree 

(Pinus sylvestris, Quercus pubescens, Quercus frainetto) and shrub (Juniperus phoenicea) 

populations from Italy and Spain showing recent dieback phenomena.  
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Two components of drought, namely elevated atmospheric demand (VPD, vapor pressure 

deficit) and low soil moisture were analyzed in nearby stands showing or not showing dieback 

symptoms. Dieback stands exhibited lower NDVI values than non-dieback stands. NDVI and 

BAI were positively related in all sites except for the dieback trees of Q. frainetto that was 

negatively related. Such NDVI-BAI linkages were related to specific time windows, which 

could be useful for identifying when climatic conditions have the greatest influence on 

vegetation. Growth decline occurred in response to increasing VPD, but responses differed 

among species. J. phoenicea was the most negatively impacted by higher VPD, whereas oaks 

responded to soil moisture. A high VPD was related to stronger growth reduction in dieback 

P. sylvestris trees regardless of soil moisture changes. We highlighted that coupling between 

proxies of forest productivity (NDVI, BAI) allows better understanding and forecasting of 

drought-induced dieback phenomena in forests and shrublands. Scaling up from tree to stand 

levels might be feasible when using the maximum growing season NDVI, which can be 

applied for retrospective modeling of the impact of drought stress on forest productivity and 

tree growth. 

 

Kewwords: drought stress, dieback, radial growth, Mediterranean forests, MODIS NDVI 
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2.1 Introduction 
 

Forest ecosystems and tree species distributions have been altered by the impact of climate 

warming worldwide since the middle of the 20th century as a result of increased atmospheric 

water demand and reduced soil moisture (IPCC, 2014). In recent decades, dieback episodes 

and tree mortality phenomena, related to heat stress and drought spells, have been reported 

across all biomes affecting several tree and shrub species (Allen et al., 2015; Hartmann et al., 

2018; Senf et al., 2020). Such events could lead to rapid modification of community 

composition and function with negative feedbacks in terms of productivity and carbon stocks 

(Anderegg et al., 2015). Indeed, negative impacts of prolonged heat and drying events on 

forests have been interpreted considering the impairment of hydraulic function and carbon use 

(Adams et al., 2017; McDowell et al., 2008). As drought has been remarked in recent years to 

be a major driver of tree growth (Babst et al., 2019; Colangelo et al., 2017a; Gazol et al., 

2018b), detecting growth responses to this climate stressor provides a useful tool for assessing 

vegetation dynamics, particularly during forest dieback episodes when tree vulnerability is 

amplified (Hereş et al., 2014). However, we lack integrative, retrospective approaches to 

disentangle the underlying climatic triggers of dieback episodes and how they impact basic 

attributes such as tree cover and growth, which are proxies of productivity.  

Several studies have evaluated the impacts of climate anomalies on vegetation via 

retrospective approaches based on a variety of proxies such as remote sensing and radial 

growth data. Tree-ring analyses have been widely used in natural conditions to assess the 

growth decline of mature trees and to predict tree death (e.g., Bigler and Bugmann, 2004; 

Sanchez-Salguero et al., 2017; Cailleret et al., 2017, 2019). Authors, such as Pasho et al. 

(2011) and Vicente-Serrano et al. (2014), reported evidence that the time lag among the water 

deficit and the impact on growth differed significantly among forest types and tree species; 

thus, the existence of a gradient in the growth response to drought may describe the different 

ability to cope with water shortages of variable magnitude and severity. 
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Other studies suggest the possibility of employing remote-sensing derived vegetation indices 

to explore seasonal changes and vegetation dynamics (e.g., Wu et al., 2021). As such, spectral 

data exhibit a clear potential to highlight the impact of climate anomalies on forest vegetation, 

as reported by different works (e.g., Liu et al., 2021; Moreno-Fernandez et al., 2021, among 

others). Combining remote sensing and tree-ring data may be useful to evaluate underlying 

factors of forest vulnerability to climate anomalies. Therefore, it is crucial to validate the 

remotely sensed data by testing their linkages with ground-based radial growth assessments. 

In the last decade, research efforts have allowed relating remotely sensed variables with field-

based dendrochronological data (e.g., Gazol et al., 2018a; Correa-Diaz et al., 2019; Decuyper 

et al., 2020; Vicente-Serrano et al., 2020) although the relationships between these indicators 

are often weak and still not sufficiently understood. It is unclear yet how the changes in 

photosynthetic activity and canopy cover and greenness, as expressed by remotely sensed 

indices, are related to stem wood formation. For instance, the relationship between inter-

annual values of widely used vegetation indices such as the Normalized Difference 

Vegetation Index (NDVI) and tree growth differs between forest biomes and environmental 

conditions (Vicente-Serrano et al., 2020). For instance, Zhou et al. (2020) combined radial 

growth and remote sensing data to assess the responses of Pinus yunnanensis forests to 

climatic variability across altitudinal gradients: both variables showed strong climate response 

throughout the growing season, but the response varied under dry climate conditions. 

Therefore, we must better understand how NDVI and growth covary under drought 

conditions, which promotes tree dieback. To disentangle NDVI-growth responses to drought, 

in this work we considered two compound climatic extremes causing drought stress, namely 

elevated vapor pressure deficit (VPD) and low soil moisture (Grossiord et al., 2020; Vicente-

Serrano et al., 2020). These components constitute key drivers to better understand the 

coupling of soil moisture dynamics to hydraulic function and atmospheric water demand 

(Zweifel et al., 2021).  
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Accordingly, these two variables are related to dieback mechanisms during drought including 

hydraulic impairment and depletion of carbohydrate reserves (McDowell et al., 2008). Such 

mechanisms define the so-called “physiological drought”, which is linked to the tree's 

mechanism for regulating water use e.g., isohydric vs. anisohydric species in response to 

decreasing soil water potential (Mitchell et al., 2013; Roman et al., 2015). In this regard, 

Poyatos et al. (2008) reported differential response to water deficits of Pinus sylvestris L. and 

Quercus pubescens Willd. under soil moisture deficits and high evaporative demand. Hence, 

it appears key to determine how vegetation indices can be used congruently with growth 

measurements to evaluate spatial and temporal patterns of ecological parameters. Improving 

our knowledge on these aspects is a critical step for the Mediterranean area, where there is an 

intensification of heating and drying processes (Giorgi and Lionello, 2008). The aim of the 

present study is an overall evaluation of how the interannual variation of NDVI and radial 

growth of four tree and shrub species, that experienced drought-triggered dieback, react to 

extreme climate events. To this purpose, we selected four sites located in Italy and Spain, two 

climate change hotspots (Giorgi and Lionello, 2008) to address the following questions: i) is 

there a difference in terms of NDVI or radial growth at nearby stands showing contrasting 

vigor, i.e. dieback vs. non-dieback stands or individuals?; ii) are NDVI and growth responses 

to drought linked?, and iii) how NDVI or growth respond to extreme climate events defining 

droughts, i.e. elevated VPD and reduced soil moisture? 

We hypothesized that i) declining forest patches - characterized by a high frequency of 

dieback trees - would be discriminated from non-declining ones via differential 

photosynthetic activity and canopy greenness, as expressed by NDVI; ii) the linkage between 

NDVI and tree growth would be different depending on different species' physiological 

strategies whereas site-specific conditions could impair such a coupled/uncoupled 

relationship. 
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2.2 Materials and methods 

 

2.2.1 Study sites and species 

Tree and shrub populations were selected based on previously reported dieback symptoms 

including high rates of leaf shedding or browning and elevated mortality after recent severe 

droughts (Table 1, Figs. 2, 3). Two sites are located in northeastern Spain. The first site, Yaso, 

is an open scrubland dominated by Juniperus phoenicea subsp. turbinata (Guss.), located in 

the ‘Sierra y Canones de Guara’ Natural Park in Aragon. There are scattered trees (Quercus 

faginea Lam., Quercus ilex L., Arbutus unedo L.), but the landscape is dominated by shrubs 

such as Quercus coccifera L., Buxus sempervirens L., Salvia rosmarinus (L.) Schleidand, and 

Juniperus oxycedrus L. The site is characterized by continental Mediterranean climate 

conditions with cold winters and dry summers (mean annual temperature is 12.6 °C, total 

annual precipitation is 532 mm). The soil is basic and characterized by a rocky substrate. The 

shrub die-off episodes occurred in response to severe droughts which affected most of the 

Iberian Peninsula (1994-1995, 2005, 2012, and 2015). The estimated mortality rate of junipers 

was 66% and dead junipers showed lower growth rates than living conspecifics (Camarero et 

al., 2020). The second Spanish site is the Corbalán mixed forest, which is dominated by Pinus 

sylvestris L. and is characterized by a continental Mediterranean climate (mean annual 

temperature is 11.8 °C, total annual precipitation is 406 mm). The soil is mostly loamy. This 

forest is located near the southernmost European distribution limit of species and in a xeric 

site (Fig. 4), which potentially makes this population very sensitive to water shortage. The site 

presents marked canopy defoliation, with sparse defoliated and dead trees on the dominant 

layer. Declining Scots pine trees show a lower growth rate compared to non-declining trees 

since the 1980s (Camarero et al., 2015). In this site, the low growth rates, the high defoliation 

(90-95%), and the high growth responsiveness to drought suggest a chronic drought-induced 

dieback process (Camarero et al., 2015).  
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Camarero et al. (2018) point out also that the growth reduction as a result of successive 

drought is more pronounced in declining than in non-declining individuals. Other tree species 

present on the site are Pinus nigra L., Q. ilex, Q. faginea, and Juniperus thurifera L.. The 

other two sites are located in southern Italy and are oak forests. The Gorgoglione high forest 

is dominated by Quercus cerris L. (71%), followed by Quercus pubescens Willd. (25%) and 

other broadleaf species. The site is characterized by a Mediterranean climate with dry-warm 

summers and wet-mild winters (mean annual temperature is 11.6 °C, total annual precipitation 

is 722 mm). The soil consists of a mixture of sand, silt, and clay. The oak dieback was 

characterized by conspicuous leaf shedding and high mortality rates. Oak mortality rate in the 

study area shifted from 5% to 10% from 2002 to 2004. Considering the period 1950–2016, 

non-declining individuals presented slightly higher growth rates than declining individuals 

(Colangelo et al., 2018). The San Paolo Albanese high forest is located in the Pollino National 

Park. The dominant species is Quercus frainetto Ten. The climate of the area is 

Mediterranean (mean annual temperature is 16.4 °C, total annual precipitation is 742 

mm).The soil is composed of sands and clays. The site shows dieback symptoms since the 

early 2000s and the most affected areas encompass ca. 250 ha. The frequency of trees 

showing crown-transparency levels above the 50% threshold is 80% (Colangelo et al., 2017a). 

 
Table 1.  Characteristics of the four study sites. 

Site Species Status 
Latitude 

(N) 
Longitude  

(-W, +E) 

 

Elevation  
(m a.s.l.) 

 

References 

Yaso J. phoenicea  
D 42.209 -0.126 694 

Camarero et al., 2020 
ND 42.223 -0.108 650 

Corbalán P. sylvestris   
D 40.442 -0.987 1303 

Camarero et al., 2015, 2018 
ND 40.440 -0.984 1250 

Gorgoglione Q. pubescens  
D 40.369 16.171 800-850 

Colangelo et al., 2018 
ND 40.451 16.133 900-1000 

San Paolo 

Albanese 
Q. frainetto 

D 40.016 16.347 950 

Colangelo et al., 2017a, 2017b 
ND 40.026 16.349 850-950 
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Figure 2 . Photographies showing the studied forest and shrubland dieback episodes across selected study sites: 

(A) Yaso, J. phoenicea shrubland; (B) Corbalán, P. sylvestris mixed forest; (C) Gorgoglione, Q. pubescens 

mixed forest; and (D) San Paolo Albanese, Q. frainetto pure forest.  
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Figure 3. (A) Map showing a climate moisture index (CMI = P / PET) with wet and dry sites climates showing 

positive or negative CMI values, respectively across southern Europe. Green dots show the location of the four 

study sites. (B) Time series of the SPEI-12 drought index for each study site during 1970–2019. The SPEI varies 

from −3 to 3, being categorized as extremely wet (2.00 and above), very wet (1.50 to 1.99), moderately wet (1.00 

to 1.49), near normal (−0.99 to 0.99), moderately dry (−1.00 to −1.49), severely dry (−1.50 to −1.99), and 

extremely dry (−2.00 and less). 
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2.2.2 Field sampling protocols 

Declining or dieback (D) individuals showing dieback were considered those with crown 

transparency or defoliation higher than 50%, whereas non-declining or non-dieback (ND) 

individuals were those with crown transparency lower than 50%. The stem diameter was 

measured with tapes in all sampled individuals (at the base in shrubs and 1.3 m in trees), and 

crown transparency was evaluated by a visual assessment performed by two independent 

observations on the same tree using binoculars (Dobbertin, 2005). Pairs of neighboring D and 

ND individuals were selected. Within each couple, trees were located 10–15 m apart. In the 

case of shrubs, declining and non-declining patches were compared. The ecological and site-

specific conditions (e.g., soil type) of compared individuals or stands are similar. A similar 

ND-D comparison was carried out at the site level in the case of NDVI values. 

 

2.2.3 NDVI data 

The Normalized Difference Vegetation Index (NDVI) consists of the normalized ratio of 

reflectance in the red (R) and near-infrared (NIR) spectral wavelengths, i.e., NDVI = (NIR-R / 

(NIR + R) (Gorelick et al., 2017). This is one of the most used vegetation indices, and it is 

related to vegetation amount and photosynthetic activity and considered a proxy of 

productivity in drought-prone Mediterranean biomes (Vicente- Serrano et al., 2020). The 

NDVI values and trends reflect the relative abundance and activity of vegetation with positive 

(greening) or negative (browning) trends showing cover changes as a result of the 

modification in the level of vegetation photosynthetic activity over time (Pettorelli et al., 

2005). MODIS vegetation indices dataset from the Terra (MOD13Q1) and Aqua (MYD13Q1) 

satellites were used in this study. These satellites acquire global images on a daily basis and, 

to avoid data gaps due to clouds and other atmospheric contamination, they are composed 

within a temporal window of 16-days (Didan et al., 2015).  
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From these products, we extracted NDVI time series with a temporal resolution of 8 days and 

a 250-m spatial resolution for each site from the Google Earth Engine platform via ‘rgee’ 

(Aybar et al., 2020) bridge in the R software v.4.0.0 package (R Core Team, 2020). We 

aggregated the raw NDVI time series to either monthly or yearly maximum and decomposed 

NDVI time series into seasonal, trend, and irregular components using moving averages via R 

‘stats’ package. To identify and test for changes in vegetation indices, we applied non-

parametric Theil-Sen (TS) regression on site-specific maximum annual NDVI (NDVImax) 

time-series using the ‘mblm’ R package (Komsta, 2019) because the NDVImax is less affected 

by outliers than the NDVI. Trends were estimated using the median values and are therefore 

less susceptible to noise and outliers (Sen, 1968; Theil, 1950). The significance of vegetation 

greening/browning trends was evaluated using the non-parametric Mann-Kendall test and 

statistical significance at the confidence of 95% (p < 0.05) was considered.  

 

2.2.4 Tree radial growth data 

To quantify radial growth, increment cores were extracted at breast height (1.3 m) using 5 mm 

Pressler increment borers in the case of trees, whereas basal sections were taken in the case of 

J. Phoenicea shrubs. In the Spanish Yaso shrubland site, basal stem cross-sections were 

collected from living (n = 28 individuals) and dead (n = 30 individuals) junipers. Pairs of 

neighboring, dominant living, and recently dead junipers were sampled as described by 

Camarero et al. (2020). Recently dead junipers still retained stem bark and fine branches but 

have lost most of their leaves. Concerning the Spanish Corbalán forest, 39 dominant and 

mature P. sylvestris trees (21 D trees and 18 ND trees) were selected and sampled (Camarero 

et al., 2018). In the Italian Gorgoglione site, one increment core per tree was sampled, due to 

restrictions imposed by forest managers for preserving the population; whereas for San Paolo 

Albanese two cores from each tree were used for tree-ring analyses.  
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A total of 38 individuals (17 D trees and 21 ND trees) of Q. pubescens were sampled in 

Gorgoglione, while 97 dominant Q. frainetto trees with contrasting vigor (35 D trees and 62 

ND trees) were sampled at San Paolo Albanese (Colangelo et al., 2018, 2017a). Ring width 

series for all sampled materials were measured along two opposite radii per section, avoiding 

measuring eccentric parts. In the laboratory, the wood samples were air-dried and carefully 

sanded until ring boundaries were visible. Tree-rings were first visually cross-dated and then 

measured with a minimum precision of 0.01 mm using a binocular microscope coupled to a 

computer with the LINTAB package (Rinntech, Heidelberg, Germany). The cross-dating 

accuracy was finally checked with the program COFECHA (Holmes, 1983) which calculates 

moving correlations between each individual series and the average tree-ring width series. To 

quantify and compare growth trends between living and dead trees for each site, ring widths 

were converted into basal area increments (BAI) to account for geometrical effects of stem 

enlargement on growth using ‘bai.in’ function from the “dplR” package (Bunn et al., 2021) in 

R environment (R Core Team, 2020). To obtain the mean value chronology for each site, the 

function “chron” via the “dplR” R package (Bunn et al., 2021) was applied. 

 

2.2.5 Climate data 

To classify the study sites according to their water balance, we obtained the climate moisture 

index (CMI, which ranges from −1 to +1) from the ENVIREM dataset v1.0 with a spatial 

resolution of ~5 km
2
 (Title and Bemmels, 2018). The CMI is based on the methodology 

developed by Willmott and Feddema (1992), who calculated CMI as the ratio between annual 

precipitation (P) and annual potential evapotranspiration (PET) depending on P and PET 

value, i.e. (P / PET) - 1 when P < PET; and 1 - (PET / P) when P ≥ PET. In this way, wet and 

dry climate conditions correspond to positive or negative CMI values, respectively 

(Vörösmarty et al., 2005).  
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We got the vapor pressure deficit (VPD) and soil moisture data covering the period 1958-

2020 from the TerraClimate dataset (http:// www.climatologylab.org/terraclimate.html), 

estimated using a Thornthwaite Mather climatic water-balance model (Willmott et al., 1985) 

and extractable soil water storage capacity data (Wang-Erlandsson et al., 2016). TerraClimate 

is a high-spatial-resolution (~ 4 km) dataset of monthly climate and climatic water balance for 

the global land surfaces, which is a combination of spatial climatology data from WorldClim 

and CRU TS4.0 climate datasets (Abatzoglou et al., 2018). To quantify the variability of 

drought impacts on tree growth, we also downloaded the Standardized Precipitation 

Evapotranspiration Index (SPEI) at a time scale of 12 months and a 0.5° spatial resolution. 

The SPEI was obtained from the Global Drought Monitor webpage 

(http://spei.csic.es/index.html). The SPEI is a multi-scalar drought index, which considers the 

effects of temperature and evapotranspiration on drought severity and indicates wet (positive 

SPEI values) and dry (negative SPEI values) conditions (Vicente-Serrano et al., 2010). The 

use of a longer SPEI time resolution is relevant to quantify the effects of droughts, mainly for 

forests that experience semi-arid conditions, as demonstrated by Vicente-Serrano et al. 

(2020). We plotted the climatic space of each species by retrieving their occurrence sites in 

Europe from the Global Biodiversity Information Facility (de Vries and Lemmens, 2021) via 

the ‘rgbif’ R package (Chamberlain and Boettiger, 2017). Then, we obtained VPD and soil 

moisture for all species' sites and each study location. Soil moisture was plotted against VPD 

to detect if study sites were situated in locations characterized by extreme climate conditions 

i.e., very high VPD, very low soil moisture, or both. 
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Figure 4 . Representation of each studied species in the climatic space. The grey dots represent values of mean 

annual VPD (in kPa) and total soil moisture (in mm) where the species are present in Europe while the marked 

dots in the graph indicate the location of the sampled tree populations of each species. 
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2.2.6 Data analyses 

Relationships between yearly BAI with the growing season (May-June) maximum NDVI and 

yearly maximum NDVI (NDVImax) were investigated through Spearman correlations using 

the “rcorr” function in the R package ‘Hmisc’ (Harrell, 2020). Then for each site, linear 

mixed-effects models were fitted to assess the effects of VPD, soil moisture (dummy coded 

“low” and “high”, based on the interannual average value cutoffs), diameter, individual vigor 

status (D vs ND), and their interactions (fixed factors) on growth (log (BAI)), where 

individuals were considered as random effects to account for repeated measure within site. 

Fixed terms were centered and scaled to improve parameter estimates and allow direct 

comparisons of the regression coefficients. We then optimized the random-effect structure of 

the model testing if including extra random-effects terms (i.e., diameter as random slopes) 

improved the fit of the model; different random structures were compared through a 

likelihood ratio test (Zuur et al., 2009). When comparing models that varied in their random 

structure but not fixed effects, the models were fitted using restricted maximum likelihood to 

avoid biased estimators for the variance terms. Model estimation was performed using the 

‘lme4’ package (Bates et al., 2015) from R software (R Core Team, 2020). Marginal and 

conditional R
2 

values (Nakagawa and Schielzeth, 2013) were calculated to examine the 

variation explained by fixed and fixed plus random factors using the ‘r.squaredGLMM ’ 

function in the “MuMIn” package. Furthermore, we evaluated the linkage of the stand-specific 

maximum annual NDVI with the VPD and soil moisture, and their interactions via linear 

regressions. The diagnosis of residuals was performed to check the validity of the models' 

assumptions (normality and homoscedasticity of residuals) and the absence of temporal 

autocorrelation. Subsequently, the ‘emtrends’ function from the ‘emmeans’ R package (Lenth, 

2021) was used to test the difference in terms of NDVI or radial growth at nearby stands 

showing contrasting vigor i.e., dieback vs. non-dieback stands by comparing differences of 

site-specific slopes of fitted lines through Tukey post-hoc test.  
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To detect potential asynchrony between radial growth and NDVI and climate (VPD), cross-

correlation of a log-transformed bivariate time series for selected species/stands were 

performed using the function ‘cc.test’ of the ‘testcorr’ (Dalla et al., 2021) R package. 

 

 

2.3 Results 

2.3.1 Climate trends 

The study sites are located in some of the driest sites for their respective species' distribution 

areas in Europe (Figs. 3 and 4), particularly in the case of the P. sylvestris site. More 

importantly, aridification trends are noticeable in the four study sites with very negative SPEI 

values in the 1980s, 1990s, and 2010s in the Spanish sites, and in the 1980s, 1990s, and early 

2000s in the Italian sites (Fig. 3B). In the Spanish sites, VPD has steadily increased during the 

last decades, particularly after the 1990s, whereas soil moisture has decreased (Fig. S1), 

whilst the changes in these climate variables are of lower magnitude in the wetter Italian sites. 

 

2.3.2 NDVI patterns and trends 

Overall, a synchronic NDVI pattern is found for all sites over the period 2001-2019, with 

lower NDVI values in dieback stands (Fig. 5). A rather common NDVImax pattern is also 

shared between D and ND patches in both Gorgoglione and San Paolo Albanese oak sites 

where the increasing NDVImax trend (greening) was significant (p<0.05). For the Yaso 

shrubland site, the NDVImax trend exhibited a significant positive slope (greening) only for 

the D stand, whereas the Corbalán D stand had a significant negative (browning) trend. In this 

site, differences between D and ND stands become increasingly consistent over the years. 
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2.3.3 Growth patterns 

The annual BAI pattern showed a clear divergence between D and ND individuals in all 

analyzed species with lower values in D individuals, as expected (Fig. 6). In particular, the 

BAI trends of D and ND individuals started to diverge in the 1990s in the case of J. phoenicea 

and in the 1980s in the case of P. sylvestris. Trends in BAI were always lower in D than in 

ND individuals from 2000 onwards for both oak species. For each specific site, interestingly, 

the onset of the ND-D growth divergence coincided with dry years characterized by very 

negative SPEI values (Fig. 3B). 

 

 

Figure 5 . NDVI linear trends from decomposed 8-day composite time series from 2001 to 2019 for non-dieback 

(ND, blue symbols and lines) and dieback (D, red symbols and lines) stands. Points represent the annual 

maximum NDVI value and fitted straight lines are the estimated Theil-Sen (TS) regression, where full and 

dashed lines are for significant (p < 0.05) and not significant slopes, respectively. Boxplots refer to the annual 

growing season (May to June) NDVI values for ND and D sites. Each box shows the 75th to 25th percentiles, 

and the line inside the box represents the median; upper and lower marks are the largest to smallest observation 

values, which are less than or equal to the upper and lower quartile plus 1.5 times the length of the inter-quartile 

range; circles outside the mark ranges are outliers. Y-axes show different scales. 
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Figure 6 . Basal area increment (BAI) time series for non-dieback (ND) and dieback (D) individuals (lines). The 

shaded area represents the standard deviation of the mean. Boxplots of the BAI distribution for ND and D 

individuals. Each box shows the 75th to 25th percentiles, and the line inside the box represents the median; 

upper and lower marks are the largest to smallest observation values, which are less than or equal to the upper 

and lower quartile plus 1.5 times the length of the inter-quartile range; circles outside the mark ranges are 

outliers. 

 

2.3.4 Relationships between NDVI and tree growth 

There was a stronger relationship of NDVI and BAI between May to June (growing season) 

for pine and juniper stands than for oak stands, particularly for dieback individuals (Table 2). 

In most cases, BAI and NDVI were positively related. For the Yaso juniper stand, the growth 

values of both D and ND trees were found to be positively and significantly correlated with 

NDVI. A positive and significant relationship was also observed for the Corbalán stand, with 

a moderately higher value for D trees. Regarding the Gorgoglione stand, the BAI-NDVI 

relationship was positive but not significant.  
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For the San Paolo Albanese stand, the growth of ND trees exhibited a positive and significant 

correlation with NDVI, while correlation was slightly negative for D trees. Examination of the 

association between BAI and annual maximum NDVI indicated similar associations in oaks. 

However, for pine and juniper stands, the correlations were again positive but not significant 

(p > 0.05). 

 

Table 2. Spearman correlation coefficients calculated between basal area increment (BAI) and May to June 

maximum NDVI, and annual maximum NDVI (NDVImax). Bold values are significant at p <0.05.  

 

 

Site 

 

 

Status  

 

 

BAI – NDVI 

 

 

BAI – NDVImax 

 

Yaso 
Dieback 0.54 0.22 

No-dieback 0.53 0.34 

Corbalán 
Dieback 0.69 0.13 

No-dieback 0.65 0.20 

Gorgoglione 
Dieback 0.31 0.31 

No-dieback 0.43 0.43 

San Paolo Albanese 
Dieback -0.05 -0.18 

No-dieback 0.63 0.60 

 

 

2.3.5 Climatic influences on NDVI and growth 

While VPD was negatively associated with NDVImax in both D and ND P. sylvestris stands 

(Fig. 7 ), we found a decoupling between the effects of soil moisture on the NDVI-VPD 

relationships of the other species. For instance, the relationship between VPD and NDVImax 

under low soil moisture conditions is significant neither for J. phoenicea nor for Q. pubescens 

stands. A different picture emerges for Q. frainetto, where the VPD - NDVImax relationship 

becomes positive and significant under low soil moisture conditions (Fig. 7, and 

Supplementary Table S1).  
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Regarding the influence of drought on growth (BAI), we observed a significant (p<0.05) 

decrease of growth in response to increasing VPD in J. phoenicea (Fig. 8, and Supplementary 

Table S2). For the P. sylvestris stand, a significant negative trend of BAI at increasing VPD 

was detected only for D trees under more humid soil conditions i.e., growth response to 

varying soil moisture depended on vigor class. For both Q. frainetto and Q. pubescens BAI 

decreased at a similar rate as VPD increased regardless of vigor class or soil moisture, but Q. 

frainetto D trees did not show a decline in growth in years characterized by high soil 

moisture. No peculiar legacy effects were found between BAI and NDVImax, but Q. frainetto 

in the San Paolo Albanese site, nor between NDVImax and VPD (Supplementary Figs. S2 and 

S3). 
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Figure 7 . Fitted slopes of NDVImax against atmospheric vapor pressure deficit (VPD) for dieback (D) and non-

dieback (ND) sites in years characterized by low (−) and high (+) soil moisture. The interannual average value 

was used as cutoffs to determine “low” (−) and “high” (+) soil moisture. Straight lines represent a significant 

(p < 0.05) slope, while dashed lines do not. Shaded areas represent the confidence interval of predicted values. 

Different letters indicate differences among site specific slopes. 
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Figure 8 . Fitted slopes of the basal area increment (BAI) against atmospheric vapor pressure deficit (VPD) for 

non-dieback (ND) and dieback (D) individuals in years characterized by low (−) and high (+) soil moisture. The 

interannual average value was used as cutoffs to determine “low” (−) and “high” (+) soil moisture. Straight lines 

represent a significant (p<0.05) slope, while dashed not. Shaded areas represent the confidence interval of 

predicted values. Different letters indicate differences among site-specific slopes. 
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2.4 Discussion 
 

2.4.1 Coupling radial growth and NDVI at multiple spatial and temporal scales 

improve dieback assessment 

Our findings highlight the striking different responses to drought between sites, stands, or 

individuals showing different vigor in terms of canopy greenness and radial growth. As 

hypothesized, dieback stands presented lower NDVI values than non-dieback ones. This 

marked difference would suggest that individuals in dieback stands exhibit a lower 

performance, affecting not only their radial growth but also increasing their vulnerability to 

other abiotic (e.g., frost) and biotic (e.g., insect defoliators, fungal pathogens) stress factors. 

Although expected, this result emphasizes the significant contribution of remotely sensed 

indices to identify and discriminate forests and shrublands characterized by dieback 

symptoms and their use in ecosystem health monitoring. This would suggest that scaling up 

from tree to stand levels might be feasible when using the maximum growing season NDVI, 

which can be applied for retrospective modeling of the impact of drought stress on forest 

productivity in woody plant communities over large areas. Using vegetation indices from 

satellite data, prior studies successfully upscaled from individual- to forest-scale processes, 

especially for monitoring vegetation response to drought by coupling ground-measured 

growth data and remotely sensed data (e.g., Vicente-Serrano et al., 2013, 2016; Correa-Diaz et 

al., 2019). This approach allowed to overcome the major restriction of satellite-time series for 

monitoring tree physiology i.e., the relatively limited temporal coverage compared with the 

long-term record of tree growth at multi-decadal time scales. Radial growth patterns of trees 

from stands showing dieback and for all surveyed species showed significant reductions in the 

last decades as previously reported by Camarero et al. (2015, 2018, 2020) and Colangelo et al. 

(2017a, 2017b, 2018). Growth trends of dieback and non-dieback trees and shrubs exhibit a 

characteristic divergence, which widened towards the present.  
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The onset of this divergence occurs in distinct years, particularly after droughts, and could be 

attributed either to the species-specific response to drought or local characteristics related  to 

soil type or competition among neighbors (Camarero et al., 2015; Cailleret et al., 2017). Our 

results indicate that such growth divergence between trees of different vigor may be attributed 

to climate extreme events related to drought stress such as very high vapor pressure deficit 

(VPD) or very low soil moisture triggering an irreversible loss in vigor and growth decline. 

Indeed, over the last decades, extreme climate events such as heat stress and drought spells 

have affected the growth of trees in these sites, leading to a declining pattern that has persisted 

until today, especially in most vulnerable dieback individuals and stands (Camarero et al., 

2018). The different species' physiology also is found to significantly influence the patterns of 

the relationship between NDVI and tree growth (Moreno-Fernandez et al., 2021). Differing 

outcomes of this work revealed coupled significant relationship between the growing season 

maximum NDVI values and radial growth (BAI) for pine and juniper stands. Interestingly, the 

Spanish conifer populations were located in sites characterized by high VPD and low soil 

moisture (Fig. 4), indicating a strong response to evaporative demand and rising temperatures. 

However, the Italian oak sites were characterized by low soil moisture conditions suggesting a 

great dependence on soil water availability in agreement with their anisohydric strategy 

characterized by a weak regulation of stomatal conductance and a high dependence on deep 

soil water sources during the dry summer (Ripullone et al., 2020). For the Spanish stands, the 

relationships observed between BAI-NDVI and BAI-NDVImax agree with several studies 

demonstrating a tight link between canopy greenness and tree-ring growth reflecting 

associations between carbon uptake and productivity (Moreno-Fernandez et al., 2021). 

However, NDVI and growth data are most inter- correlated in specific time windows of the 

year, as reported Vicente- Serrano et al. (2020).  
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Specifically, radial growth appears to be more related to the maximum NDVI of the growing 

season rather than the summer maximum NDVI, which corresponds to the maximum 

greenness peak of the growing season before the summer water deficit. These results 

underline the possibility that the timing of the correlation may allow detecting periods in 

which the climatic factors influence tree growth (Kaufmann et al., 2008). We acknowledge 

that the non-significant association between NDVI and BAI for the Q. frainetto dieback stand 

may be related to either asynchrony between radial growth and NDVI or site-specific 

conditions such as low tree density and non-uniform canopies coverage. In the first case, the 

two-year time lag between the radial growth and NDVI for declining trees might partly reflect 

an adaptation of trees to environments with more severe water stress i.e., they carry over fixed 

carbon from 2 years to subsequent years (e.g., McDowell et al., 2008). Instead, the one-year 

time lag between BAI and NDVI would be a likely consequence of reduced radial growth 

after canopy loss leads to lower productivity. In the second case, the reflectance of 

background components such as understory vegetation and soil may have had a significant 

effect on the canopy reflectance when the canopy cover is low (Huemmrich and Goward, 

1997). Additionally, the scale mismatch of poor replicated tree ring data (individual level) and 

coarse resolution of MODIS NDVI (250 m) data could further affect uncertainty in our 

results. It is therefore hard to discern the distinct response of forest species within the mixed 

stand such as Gorgoglione site. All this points to an inevitable weakness of our study, related 

to the potential confounding of inter-site variation with an inter-species variation. Future 

research is needed, primarily in terms of eco-physiological implications. 
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2.4.2 Climate influences on NDVI and tree growth 

One of the main results of our study is that an increased VPD leads to a reduction in growth, 

supporting findings that Mediterranean vegetation productivity is tightly linked to 

atmospheric water demand (Vicente-Serrano et al., 2014). In this context, recent surveys 

recognized the importance of VPD as one of the most crucial key drivers of drought-induced 

dieback and tree mortality across forest biomes (Grossiord et al., 2020), although some tree 

species might be able to tolerate more variable and higher atmospheric evaporative demand 

than others (Martinez-Vilalta et al., 2014). Remarkably, tree radial growth is more constrained 

by high VPD values than by low soil moisture in temperate forests subjected to seasonal 

drought (Zweifel et al., 2021). As hypothesized, the considered tree and shrub species showed 

different growth responses to VPD and soil moisture which may be partially explained by 

their water use strategy, which probably affected tree growth responses to drought. The strong 

dependence of juniper growth on VPD would be explained by its vulnerability to elevated 

summer temperatures enhancing transpiration which is not compensated by water uptake from 

the uppermost soil horizon (Baquedano and Castillo, 2007). In this species, the less affected 

non-dieback individuals showed a stronger growth reduction in response to rising VPD than 

dieback individuals (see crossing blue and red lines in Fig. 8), and this response was not 

related to soil water availability. Such a behavior could be due to the differential response to 

increasing atmospheric aridity and hotter droughts because dieback individuals show a 

stronger water loss through leaves and lower growth than non-dieback individuals which 

probably have better access to soil water (Camarero et al., 2020). Conversely, we did not find 

any significant growth patterns in response to increasing VPD in P. sylvestris individuals of 

different vigor, which is probably linked to its isohydric behavior and tight control of stomatal 

conductance. Indeed, as water soil potential decreases and VPD increases, this species reduces 

stomatal conductance to prevent xylem cavitation (Roman et al., 2015).  
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Such a strong stomatal control keeps trees maintaining the leaf water potential within a 

constant threshold (Martinez-Vilalta et al., 2014), although it may affect photosynthesis 

leading to carbon starvation at the tissue level (Mitchell et al., 2013). One of the most 

interesting findings we presented is that increased VPD affected pine growth more in dieback 

than in non-dieback trees, particularly when trees experienced high soil moisture conditions. 

Although this might appear rather counterintuitive, we argue that in this stand tree dieback 

growth is more affected by atmospheric aridity rather than soil water availability. Dieback 

pine trees are less plastic, in terms of growth and potential hydraulic conductivity, in response 

to higher water availability compared to non-dieback trees as suggested by wood anatomical 

studies (Pellizzari et al., 2016). This would correspond to a long-term deterioration in the 

hydraulic performance of declining individuals in this stand which lose responsiveness to 

climate. Indeed, the divergence between dieback and non-dieback trees was observed after the 

1950s (Fig. 6), when the site water balance steadily started to decrease. We expected that oaks 

were comparatively more drought-tolerant given their anisohydric strategy than pine. Oaks 

tolerate more leaf water potential reduction by keeping higher stomatal conductance and 

photosynthetic rates compared to isohydric pines (Poyatos et al., 2008). Hence, oaks should 

exhibit less dependency on soil moisture fluctuations. Indeed, we did not observe soil 

moisture co-variability in response to increasing VPD in Q. pubescens. That is, this species is 

able to maintain a high transpiration rate even though soil moisture deficit occurs, as a result 

of its capacity to extract water from deeper soil layers, particularly in the case of non-dieback 

trees, during the peak of summer drought (Ripullone et al., 2020). This is supported by 

Roman et al. (2015) reporting that oaks were more resilient to the severe drought of 2011-

2012 due to their anisohydric hydraulic regulation strategy. Additionally, multiple evidence 

reported that species-specific response may impair the local macroclimate effect of trees 

growing within the same geographical area (e.g., Camarero et al., 2021c).  
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In this context, Q. frainetto is less drought-tolerant and more sensitive to soil water 

availability than Q. pubescens (Siam et al., 2008) and this might help to explain its null 

growth response to increasing VPD in years with higher soil moisture. What described above 

opens an important question regarding the possible implication of the coordination between 

hydraulic traits and water use spectrum in light of climate change and on how trees can 

tolerate and recover from drought stress. In particular, one would expect tree species to 

respond hydraulically to drought in predictable ways, i.e., following isohydric vs. anisohydric 

strategies (McDowell et al., 2008; Hartmann et al., 2013). Such framework would rank tree 

species according to their post-drought resistance and resilience, where anisohydric species 

having small safety margins (Anderegg et al., 2015) and limited recovery rate during low-

intensity or short duration droughts compared to isohydric ones (e.g., Mitchell et al., 2013). 

However, many caveats complicate such a mechanistic representation of species behavior (see 

Hochberg et al., 2018, and references therein), among others the interactions between multiple 

environmental conditions (e.g., both soil water supply and atmosphere demand) and plant 

traits (e.g., hydraulic architecture and root depth) that can strongly influence plant hydraulic 

behavior at relatively fast timescales making a species shifting from partial isohydric to 

extreme anisohydry (e.g., Guo et al., 2020). 
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2.5 Conclusion 
 

In the context of climate warming, our study provided an evaluation of the impacts of climate 

extremes on tree and shrub species that exhibited drought-induced dieback. Severe droughts 

have been recognized as the main contributing driver of tree and shrubs dieback in the 

Mediterranean Basin. A crucial insight comes out in this paper by comparing not only dieback 

and non-dieback trees, but also stands showing contrasting degrees of defoliation and canopy 

vigor. The effects of climate extremes on vegetation can be found both in terms of canopy 

greenness and radial growth losses, suggesting the possibility of: i) employing remotely 

sensed data as a stand-level indicator of climatic stress, and ii) scaling up from tree growth to 

stand NDVI. In most cases, we detected a positive correlation between BAI and NDVI. In 

addition, our analysis revealed that this inter-relationship is probably affected by the specific 

time window of the year. We speculate that this may be useful to characterize the timing in 

which climate extremes most closely affect growth. The overall response of the studied 

species to increased vapor pressure deficit was characterized by growth reduction. But, the 

different hydraulic strategies of anisohydric vs. isohydric species may lead to different growth 

responses to high vapor pressure deficit and low soil moisture. The pronounced response to 

increased VPD of the juniper was related to its vulnerability to maximum air temperatures. In 

the case of the pine, located at a very xeric site, the increase in VPD had the strongest 

influence on the growth of the dieback trees, thus also confirming its likely long-term 

deterioration of hydraulic performance. The oaks, as hypothesized, were found to have a 

lower dependency on soil moisture fluctuations compared to pine and juniper. Our findings 

also show how changes in vegetation response to climate extremes may depend on both the 

water use strategies of trees and shrubs and site specific climate conditions. Nevertheless, 

additional local factors related to biotic interactions or soil features may have affected NDVI 

and growth and may explain underlying mechanisms affecting vegetation responses to 

extreme climate events during dry spells.  
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Our framework shows how scaling up from tree to stand levels might be feasible when using 

the maximum growing season NDVI and tree-ring width data taken at the individual scales. 

Coupling such variables may be used for retrospective modeling of the impact of drought 

stress on forest productivity in woody plant communities and over large areas, particularly in 

drought “hotspots” or stands severely impacted by water shortage. 
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2.6 Supplementary materials 
 

 

 

 

 

Figure S1. Temporal patterns of vapor pressure deficit (VPD) and monthly soil moisture for selected study sites 

and considering the 1958-2020 period. 
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Figure S2. Cross-correlation of a bivariate time series i.e., log(BAI) and log(NDVImax) for selected species using 

the function “cc.test” of the testcorr (Dalla et al., 2021) R package. In the correlogram, dashed lines represent the 

95% confidence band for standard (grey) and robust (red) statistics for non-significance of correlation. Left and 

right panels are declining and non-declining, respectively. 
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Figure S3. Cross-correlation of a bivariate time series i.e., log(NDVImax) and log(VPD) for selected species 

using the function “cc.test” of the testcorr (Dalla et al., 2021) R package. In the correlogram, dashed lines 

represent the 95% confidence band for standard (grey) and robust (red) statistics for non-significance of 

correlation. Left and right panels are declining and non-declining, respectively. 
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Table S1. Standardized estimates of the linear models fitted to NDVImax data as a function of vapor pressure 

deficit (VPD), soil moisture condition (+ high, - low), and individual vigor status (D, ND) in the four study sites. 

Standardized estimates, std. Beta; Standardized confidence interval, std. CI; the last row the R
2 

and the adjusted 

R
2
. Significance levels: p ≤ 0.05, p < 0.01, p < 0.001. 

 

 
 
 

 

 

 

Table S2. Standardized estimates of the linear mixed-effects models fitted to annual radial growth (basal area 

increment) data as a function of vapor pressure deficit (VPD), soil moisture condition (+ high, - low), diameter at 

breast height (DBH), individual vigor status (D, ND) in the four study sites. Standardized estimates, std. Beta; 

Standardized confidence interval, std. CI; the last three rows show the intraclass correlation coefficient (ICC), 

the Akaike information criteria (AIC), and the R
2
m and R

2
c, which correspond to the marginal and conditional 

R
2
 values accounting for the variance explained by fixed and fixed plus random effects, respectively. 

Significance levels: p ≤ 0.05, p < 0.01, p < 0.001. 
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PART II 

CHAPTER 3 - Canopy cover dynamics in dieback affected oak forests 

captured by phenological behavior 

 

Graphical abstract  
 

 
 

Abstract  

  
Climate change influences the structure and function of forest ecosystems and plays an 

impactful role in forest health status. Vegetation phenology has been comprehensively 

recognized as a major tool for tracking the timing of seasonal activities of plants and animals, 

as well as changes in forest ecosystems in response to climate change. In this work, we sought 

to detect the phenological behavior of Mediterranean forest stands showing evident die-off 

symptoms. We investigated how a phenological spectral index for Quercus cerris, Quercus 

pubescens, and Quercus frainetto stands would be able to reflect the seasonal vegetative 

dynamics of forests affected by dieback.  
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To this purpose, we compared nearby stands exhibiting different vigor, i.e., dieback vs non-

dieback, assessed as severe defoliation growths decline, and higher tree mortality rate. 

Phenological metrics of  Plant Phenology Index (PPI) were derived from Sentinel 2 satellite. 

Our results indicated peculiar site-specific phenological patterns. We found that dieback 

forest stands - characterized by a high percentage of trees showing canopy defoliation - 

exhibited different phenological behavior compared with non-dieback stands. Our findings 

revealed that dieback stands extended the growing season by delaying autumn leaf 

senescence. However, both seasonal amplitude and productivity were found to have higher 

values for non-dieback stands, as compared to dieback ones. Also, it was highlighted that 

non-dieback stands exhibited either greening up or senescence periods more rapid than 

dieback stands. Overall, our framework evidenced that trees, showing clear decline 

symptoms, would maintain their vital activities by changing their phenological performance. 

The above results lead to a salient question concerning the implications of observed 

phenological shifts on the global carbon and water balance of terrestrial ecosystems under 

future climate change. Thus, the evaluation of proxies for phenological status of forest 

vegetation may improve our comprehension of climate-vegetation interactions, mainly in 

semi-arid regions such as the Mediterranean Basin.  

 

 

 

 

 

 

 

Keywords: climate change, forest dieback, Mediterranean forests, remote-sensing, vegetation 

phenology. 
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3.1 Introduction 
 

Ongoing global climate change impacts forest productivity and ecosystems functioning 

worldwide (Hartmann et al., 2018) with implications on the forest species’ growth and 

resilience. Globally, air temperatures are expected to rise for the next several decades: this, 

coupled with a decrease in the amount of rainfall, may lead to enhanced evapotranspiration 

rates (IPCC, 2018). The balance between precipitation and evapotranspiration has a key 

function in the ecosystem's performance in many areas of the world. Hence, forest 

populations, mainly in the most water stress-prone areas such as the Mediterranean basin, can 

be extremely vulnerable to water deficit increases, thus affecting tree growth and canopy 

condition (Liu et al., 2018), as well as increasing their vulnerability to other abiotic (e.g. frost, 

drought spell, heatwave) and biotic (e.g., insect defoliators, fungal pathogens) stress factors 

(Anderegg et al., 2015). Consequently, the productivity of the Mediterranean forest will 

exhibit a severe decline in response to increasing global temperatures, with negative feedback 

on tree physiology, leading to carbohydrate reserves starvation and/or hydraulic failure issues 

(Adams et al., 2017). Therefore, investigating and monitoring the state of health and growth 

of forest populations is crucial to predicting response to future climate scenarios.  

Vegetation phenology is strongly sensitive to climate change, so it may be assumed to be a 

key factor influencing forest growth and productivity (Richardson et al., 2010). Leaf 

phenology refers to the biological events that characterize annually plant leaves, such as 

flowering, growth, senescence, and dormancy, and this is tightly related to tree growth and 

reproduction, influencing forest productivity (Vitasse et al., 2018). Phenological behavior 

may differ according to tree species and environmental conditions (Aragones et al., 2019); 

that is, phenology exhibits adaptive capacity by being able to model the length of the growing 

season through the adaptation of the seasonal life cycle to local conditions (Chuine et al., 

2013). 
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Hence, monitoring vegetation phenology is becoming an ever more valuable tool for assessing 

and tracking the underlying mechanisms of vegetation interactions and response to changes in 

climate. Numerous studies have pointed to the direct effects of climate change on spring 

phenology at different spatial scales (Badeck et al., 2004; Keenan et al., 2014). Interestingly, 

Vitasse et al. (2018), in their work based on observations of the leaf-out date of common 

temperate tree species located at different elevations in the European Alps, pointed out that 

the elevation-induced phenological shift has significantly declined in the last few years due to 

global warming. Furthermore, several research efforts also explored how different climatic 

factors (i.e., temperature, precipitation, and many others) can lead to the interannual 

variability of spring phenology (e.g., Yang et al., 2017; Wipf et al., 2009). For instance, leaf 

unfolding has advanced for the majority of tree and shrub species in response to increasing 

spring temperatures (e.g., Menzel et al., 2020; Wang et al., 2015). Also, Morin et al. (2010) 

evaluated the response of deciduous and evergreen species to experimental warming 

treatments of +1.5 °C and +3.0 °C: both advanced the leaf-out by 8 and 13 days, respectively. 

Recently, however, Fu et al. (2015) detected in recent years a slowdown in the advancement 

of spring phenology. Overall, earlier leaf unfolding results in a longer growing season and 

thereby more assimilates and higher biomass production; this may also lead to an enhanced 

risk of frost damage. Specifically, frost resistance is low during leaf unfolding, and 

consequently, trees are particularly vulnerable to frost damage as temperatures drop below 

species-specific critical values (Hufkens et al., 2012). In addition, the earlier leaf unfolding, as 

reported by Fu et al. (2014) for two common tree species as Quercus robur L. and Fagus 

sylvatica L., may also translate into earlier senescence, thus partially compensating the 

lengthening of the growing season. Moreover, increased temperatures can either advance or 

delay budburst dates, depending on their timing.  
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In a recent study, Malyshev (2020) demonstrated that differential impacts of upcoming 

extreme warming events on spring phenology will probably depend on non-linear responses 

of bud dormancy depth to warming. Warming-induced changes in bud dormancy depth will 

likely depend on the timing of warming events and the species-specific timing of bud 

dormancy induction and release. Despite temperature being widely recognized as a key factor 

for most species' phenology, precipitation, through its influence on soil moisture, may 

influence growing season length and/or affect flowering phenology (Peñuelas et al., 2002, 

2004). Increased precipitation, as reported by Shen et al. (2015), could advance the greenup 

date, reducing the water stress impact on vegetation growth, mainly in arid and semi-arid 

areas. Yun et al. (2018) also investigated the relationship between winter precipitation and 

spring phenology (i.e., start of growing season), reporting that increased winter precipitation 

may attenuate strong advancing trends in spring vegetation growth response to global 

warming, for temperature-limited ecosystems as well.  

Previous studies have also reported that global warming is affecting, although to a lesser 

extent, the autumn leaf senescence, leading to a delay (Fu et al., 2019; Ge et al., 2015). As 

suggested by Gallinat et al. (2015), environmental triggers of autumn phenology are still 

poorly understood. Multiple drivers, as highlighted by several authors (Liu et al., 2019; 

Vitasse et al., 2021, among others), may affect autumn phenology concurrently, including, 

e.g., nutrient availability, temperature, drought, light conditions. 

To date, these aspects are not sufficiently understood for forest populations showing decline 

symptoms; in such cases, slight alterations of phenological timing may affect the forest’ 

growth and functioning. Hence, we need to better investigate how climatic stressor factors 

might impact vegetation phenology, mainly in the Mediterranean area, as reported in Gordo et 

al. (2009).  
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To improve our knowledge on how forest health status may affect phenological response to 

climate variations, in this work we focused on forest stands, located in Southern Italy, that 

have exhibit dieback symptoms for the last several decades (Colangelo et al., 2017, 2018; 

Ripullone et al., 2020). In addition, a recently published paper has also evaluated how 

remotely sensed measures of vegetation activity and radial growth responded to extreme 

climate events (high vapor pressure deficit and low soil moisture) by examining the same 

forests. It was found that dieback stands exhibited lower NDVI values than non-dieback 

stands, thus suggesting the possibility of scaling up from tree to stand levels for monitoring 

vegetation response to climate change. The study further revealed that the increase in vapor 

pressure deficit led to a reduction in growth.   

The objective of this work is to untangle the phenological dynamics of dieback vs. non-

dieback stands through the use of a remotely sensed vegetation index that is demonstrated to 

be an excellent proxy for the phenological and productive status of forest vegetation. 

Specifically, this study represents the first effort to highlight the phenological characteristics 

of forest populations showing clear symptoms of decline. To this purpose, we aim to address 

the following questions: i) is there a difference in terms of phenological metrics between 

nearby stands showing contrasting vigor, i.e. dieback and non-dieback stands in the short 

term?; ii) are phenological differences also being reflected in tree productivity? 

We hypothesized that i) dieback forest stands - characterized by a high percentage of trees 

showing clear symptoms of decline - could exhibit different phenological behavior than non-

dieback stands; ii) differences between nearby stands showing contrasting vigor, i.e. dieback 

and non-dieback stands are also observed in terms of productivity. 
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3.2 Materials and methods 
 

3.2.1 Study sites  

 
Our study focused on selected oak populations, located in southern Italy. The high forest at 

Gorgoglione site is mostly dominated by Quercus cerris L. (71%), followed by Quercus 

pubescens Willd. (25%) and other broadleaf species. The climate of the area is Mediterranean 

with average annual temperature of about 11.6 °C and annual total precipitation of about 722 

mm. The soil is composed of sand, silt, and clay.  The San Paolo Albanese high forest, located 

in the Pollino National Park, is mainly constituted by Quercus frainetto Ten., representing the 

dominant species. The site is characterized by Mediterranean climate (mean annual 

temperature is about 16.4 °C, annual total precipitation is about 742 mm). The soil is 

characterized by sands and clays. Selected forest sites, as reported in previous works 

(Colangelo et al., 2017, 2018), are characterized by conspicuous leaf shedding and high 

mortality rates (as can be observed in Fig. 9), and this can be observed since the early 2000s. 

For each sites, nearby stands showing (D, dieback) or not showing (ND, non-dieback) decline 

symptoms were selected. The ecological and site-specific conditions (e.g., elevation, slope, 

aspect) of compared stands were similar (Tab. 3).    
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Figure 9. Photographies showing the studied forest dieback sites: A (Dieback) – B (Non-dieback), Gorgoglione, 

Q. cerris - Q. pubescens mixed forest; and C (Dieback) – D (Non-dieback), San Paolo Albanese, Q. frainetto 

pure forest. 

 

 
Table 3. Characteristics of the two study sites  

 

 

 
 

 

Site Species Status 

 

Latitude 

(N) 

 

Longitude 

(-W, +E) 

 

Elevation  

(m a.s.l.) 

 

Slope 

(%) 

Aspect References 

Gorgoglione 
Q. cerris     

Q. pubescens  

 

D 

 

40.369 

 

16.171 

 

807 

 

65 

 

NE 

 

 

ND        

 

 

 

40.384 

 

 

 

16.161 

 

 

 

704 

 

 

 

67 

 

 

 

E-NE 

      

Colangelo 

et al., 2018 

San Paolo 

Albanese 
Q. frainetto 

 

D 

 

40.016 

 

16.347 

 

1018 

 

27 

 

O-SO 

 

ND 

 

 

 

40.019 

 

 

 

16.355 

 

 

 

1093 

 

        

 

55 

        

 

 

O-SO 

 

Colangelo 

et al., 2017 



71 
 

3.2.2  Satellite data  

In this work, phenology products were acquired from Copernicus dataset (www.wekeo.eu) 

and they are derived from the Sentinel-2 (Sentinel -2A and Sentinel - 2B) with a revisit time 

of 5 days. Phenological metrics are obtained from Plant Phenology Index (PPI) seasonal 

trajectories. Plant Phenology Index, proposed by Jin et al. (2014), is derived from radiative 

transfer equations (Hapke, 1993) and it has strong correlation with gross primary productivity 

(Jin et al., 2017). This index also exhibits an approximately linear relationship with the green 

LAI (it has the same unit, m
2
*m

-2
), and that is of crucial relevance since the green LAI is the 

most dynamic canopy visual indicator during the phenological cycle. 

 

 

3.2.3  Climate data  

To classify the study sites according to their water deficit condition, we obtained the Aridity 

Index (AI, which ranges from 0 to 100) from the ENVIREM dataset v1.0 with a spatial 

resolution of ~5 km
2
 (Title and Bemmels, 2018). The AI is based on the methodology 

developed by Thornthwaite (1948), who calculated AI as the ratio between the water 

deficiency (d) and the water need (n), i.e., 100d/n. This index indicated the degree of water 

deficit below water need at any given station and  thus it si useful for recording the evolution 

of the drought phenomenon. To evaluate the variability of climate impacts on forests stands, 

we downloaded the Standardized Precipitation Evapotranspiration Index (SPEI) at a time 

scale of 12 months and a 0.5° spatial resolution. The SPEI was obtained from the Global 

Drought Monitor webpage (http://spei.csic. es/index.html). The SPEI is a multi-scalar drought 

index, which combine the effects of temperature and evapotranspiration on drought severity 

and points to wet (positive SPEI values) and dry (negative SPEI values) conditions (Vicente-

Serrano et al., 2010).  

https://glossary.ametsoc.org/wiki/Water_deficit
https://glossary.ametsoc.org/wiki/Water_deficit
https://glossary.ametsoc.org/wiki/Water_deficit
https://glossary.ametsoc.org/wiki/Water_need
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The use of a longer SPEI time resolution is relevant to quantify the effects of droughts, 

mainly for forests that experience semi-arid conditions, as demonstrated by Vicente-Serrano 

et al. (2020). 

 

 

 

3.2.4 Analyses 

 
We used Analysis of Variance (ANOVA, function ‘aov’) to evaluate the influence of 

vegetation condition i.e,  dieback and non-dieback forests patches on the phenological indices, 

followed by a post-hoc Tukey’s HSD (Honest Significant Difference; function ‘TukeyHSD’) 

for a pair-wise comparison of means using R software (R Core Team, 2020). 
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3.3 Results 

3.3.1 Climate trends 

The study sites are located in areas characterized by high water stress conditions (Fig. 10 A). 

Particularly, very negative SPEI values are evident in the 1990s, and early 2000s for either 

site. Since then, SPEI changes of lower magnitude have occurred, even within the period 

(2017 - 2020 ) covered by this work (Fig. 10 B). 

 

 

  

Figure 10.  (A) Map showing an aridity index (AI=100d/n) with higher and lower values showing more and less 

water stress conditions, respectively, in Italian Peninsula. Green dots show the location of the two study sites. 

(B) Time series of the SPEI-12 drought index for each study site during 1990–2021. The SPEI varies from−3 to 

3, being categorized as extremely wet (2.00 and above), very wet (1.50 to 1.99), moderately wet (1.00 to 1.49), 

near normal (−0.99 to 0.99), moderately dry (−1.00 to−1.49), severely dry (−1.50 to−1.99), and extremely dry 

(−2.00 and less). 

A 

B 
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3.3.2 Phenological metrics evaluation 

Overall shifts in the growing season were found for either site over the period 2017-2020, 

with a lengthening of the vegetative season in the dieback stands. In particular, a common 

delay in the end of the growing season was reported for dieback stands in both sites (as can be 

observed in Fig. 11). A slight delay in the onset of the growing season for dieback stand was 

observed only for the San Paolo Albanese site (Supplementary Fig. S4).  

 

 

Figure 11.  Boxplots of (A) the day of end of season (DOY) and (B) the length of the season (day)  for D and 

ND stands for each site. Each box shows the 75th to 25th percentiles, and the line inside the box represents the 

median; upper and lower marks are the largest to smallest observation values, which are less than or equal to the 

upper and lower quartile plus 1.5 times the length of the inter-quartile range; circles outside the mark ranges are 

outliers. 

A 

B 
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Conversely, we found a greater seasonal amplitude for non-dieback stands vs dieback ones in 

both Gorgoglione and San Paolo Albanese sites (Fig.12). That is, non-dieback stands 

exhibited a higher vegetation index value at the peak of the season (Supplementary Fig. S5). 

An analogous picture emerged for productivity, either seasonal or total, for which higher 

values are observed for non-dieback stands as compared to dieback ones (Fig. 12 and 

Supplementary Fig. S5). For both sites, non-dieback stands exhibited higher positive 

(greening) and negative slopes (browning) in comparison to diebacks (Fig. 13).  

 

Figure 12. Boxplots of (A) season amplitude [MAXV – MINV] (PPI) and (B) seasonal productivity (PPI x day), 

for D and ND stands for each site. Each box shows the 75th to 25th percentiles, and the line inside the box 

represents the median; upper and lower marks are the largest to smallest observation values, which are less than 

or equal to the upper and lower quartile plus 1.5 times the length of the inter-quartile range; circles outside the 

mark ranges are outliers. 

 

A 

B 
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Figure 13. Boxplots of (A) the slope of the greening up period (PPI x day
-1

) and (B) the slope of the senescent 

period (PPI x day
-1

), for D and ND stands for each site. Each box shows the 75th to 25th percentiles, and the line 

inside the box represents the median; upper and lower marks are the largest to smallest observation values, 

which are less than or equal to the upper and lower quartile plus 1.5 times the length of the inter-quartile range; 

circles outside the mark ranges are outliers. 

 

 

 

 

 

 

 

 

 

 

A 

B 
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 3.4 Discussions 
 

To our knowledge, the present study provides the first attempt to detect the phenological 

behavior of Mediterranean forest stands exhibiting evident decline symptoms. Selected forest 

sites are exposed to high temperatures and limited precipitation during the summer dry period, 

contributing to reduced soil water availability and increased atmospheric vapor demand. The 

effect of water shortage coupled with heat stress can be observed as widespread yellowing of 

canopies, foliage loss, thus reducing tree photosynthetic capacity and biomass accumulation at 

these sites. These phenomena are increasingly common in drought-prone areas, such as 

Mediterranean basin, affecting a multitude of temperate forest species, including those most 

adapted to these conditions. Such occurrences can persist on either small or large spatial 

scales, and are known as diebacks. By employing a satellite-based approach, here, we 

document the phenological dynamics of dieback vs. non-dieback oak stands.  

Our results highlight different phenological behavior among dieback and non-dieback stands. 

In detail, we found that forest stands showing clear evidence of decline (as can be observed in 

Fig. 9) extend the growing season delaying the leaf autumn senescence, as compared to those 

not affected by the decline in either site. To date, consistent results have documented that 

delaying leaf senescence has either a direct effect on C uptake or an indirect effect on nutrient 

reabsorption (e.g., Estiarte et al., 2015), thus changing their nutrient availability for the 

following year. For instance, Gunderson et al. (2012) highlighted a delay in autumn 

senescence, related to ongoing warming, for different forest species, e.g., Quercus rubra, via 

temperature-controlled experiment. Wu et al. (2021) further pointed out, referring to four 

dominant European tree species, that the correlation is mainly positive among pre-season 

temperature and leaf senescence; but, radiation may accelerate the senescence dynamics as it 

reduces the temperature sensitivity of leaf senescence. In contrast, a delayed end of the 

growing season could also increase the potential risk of early autumnal frosts (Schreiber et al., 

2013).  
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Oaks, due to their anisohydric strategy, can maintain high stomatal conductance and high 

photosynthetic rates even with reduced water potential. Mortality occurs predominantly from 

hydraulic failure (McDowell et al., 2008). However, as a result of canopy decline, whole-

plant photosynthesis and thus C supply can be reduced (Anderegg et al., 2014). Such a 

condition may likely explain the lengthening of the growing season of dieback stands to 

compensate for this decrease. Camarero et al. (2016) also reported that summer drought 

impairs xylem phenology in Mediterranean forests; accordingly, non-dieback trees are likely 

to be able to more efficiently photosynthesize under severe climate conditions during the 

growing season. In contrast, delayed leaf autumn senescence allows the dieback trees to 

exploit "extra" days of assimilation, allowing more time for photosynthesis and transpiration 

without summer constraints. The capability of dieback trees to perform biological functions in 

stressful conditions by modifying the uptake and consumption of essential elements is 

evidenced, for instance, by Nejad et al. (2021): they found that dieback oaks had higher leaf 

contents of P and Ca and a lower N/P ratio as compared to non-dieback ones. Although spring 

and autumn phenological timing is well recognized to impact forest productivity as defining 

the length of the growing season (Wu et al., 2013, among others), seasonal amplitude 

represents another major driver. One of the most interesting findings we presented is that non-

dieback stands exhibited greater seasonal amplitude, and this resulted in higher productivity. 

Potential mechanism underlying the observations may also be related to the sink-limitation 

hypothesis, proposed by Zani et al. (2020). They demonstrated that the increased spring and 

summer productivity, related to enhanced photosynthesis during the growing season under 

ongoing high temperature conditions and increased light availability, led to the earlier leaf 

senescence as a result of a likely impairment of plants’ source/sink balance.  
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So this mechanism may additionally explain the observed phenomenon; that is, non-dieback 

stands exhibited earlier autumn leaf senescence as compared to dieback stands, which 

experienced impaired photosynthetic capacity. For instance, Moreno-Fernández et al. (2021) 

have likewise reported a larger photosynthetic capacity of the healthier stands compared to 

declining ones for Pinus pinaster. Confirming the possible enhanced photosynthetic rate 

during the growing season, our results indicate also that non-dieback stands exhibited a more 

rapid greening up period, probably linked also to a different concentrations of leaf pigments 

as compared to dieback ones. As highlighted by Liu et al. (1997) and Nejad et al. (2021), 

declining trees have been found to have lower foliar chlorophyll concentrations than non-

declining ones. Pigment content reduction may be considered a typical symptom of oxidative 

stress (Smirnoff, 1993), as it may be the consequence of the destruction of chlorophyll by 

chlorophllase and peroxidase activity. Tongo et al. (2021) similarly observed reductions in 

chlorophyll pigments and carotene in Q. brantii as defoliation rate increased, likely coupled to 

a reduction in leaf water content. Another key finding in this study was that the non-dieback 

stands also exhibited a quicker senescent period as compared to the dieback stands. This 

would confirm that non-declining stands complete the growing season more rapidly, thus 

corroborating assumptions from our previous results. 

Overall, it can be argued that climate change leads to significant changes in vegetation 

phenology, thereby influencing species distribution and competition, and the performance of 

forest ecosystems and their related services (Cleland et al., 2007; Way, 2011). Hence, 

vegetation phenology can provide a valuable predictor of climate-vegetation interactions (e.g., 

Menzel et al., 2006; Zeng et al., 2020), which may either directly or indirectly regulate water 

and carbon flux cycles in terrestrial global ecosystems, by altering physiological and 

structural properties including, i.e., photosynthetic rates, canopy conductance (Richardson et 

al., 2013; Wang et al., 2018, among others).  
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Our discussion above leads to an interesting and relevant question concerning the possible 

implications associated with the detected phenological shifts . Remarkably, some studies have 

found that lengthening the growing season had a direct effect on net ecosystem productivity 

(Wu et al., 2013, among others). For instance, Cheng et al. (2021) pointed out that a delayed 

end of season would lead to an increase in mean daily GPP in the grassland ecosystem across 

the Tibetan Plateau. Even, Keenan et al. (2014) found, by matching different scales 

(organism, ecosystem, landscape) of long-term phenological observations, that the trend 

toward later leaf senescence in recent decades has been leading to increased GPP and net 

carbon uptake in autumn in temperate forests. In contrast, other authors, such as Richardson et 

al. (2010) and Lempereur et al. (2015), have reported that an extended period of growth does 

not inevitably lead to enhanced net ecosystem productivity. 

Given that knowledge about the link between phenological variables from remote sensing, 

e.g., season onset, season length, or seasonal amplitude, and drought-prone forest decline is 

lacking to date, the identification of the phenological dynamics, characterizing the dieback 

phenomenon, may contribute to the geographical delineation of the most affected areas. In 

addition, this may provide better insight on the forest ecosystem response to upcoming 

climate changes. We acknowledge that the interaction among differing environmental factors 

may complicate our understanding of changing phenological behavior of vegetation.  
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3.5 Conclusion 

 
Over the last years, the study of phenology has received considerable attention as the 

changing rhythm of different phenological events is recognized as a key predictor of climate 

change. To our knowledge, this work is the first to reveal the phenological behaviour of 

Mediterranean forest populations showing clear symptoms of decline. A key insight is 

revealed in this work not only by comparing stands exhibiting contrasting vigor status, but 

also through the employment of a vegetation index that is expected to provide the best 

performance in evaluating phenological dynamics. According with our expectations, nearby 

forest stands showing contrasting vigor exhibited distinct phenological patterns. The dieback 

process in the study forest sites is mostly evidenced by a delay in the growing season, 

whereas our results revealed no significant changes in growing season onset. Thus, dieback 

stands exhibited a longer growing season compared to stands not showing decline. We 

speculate that this may be related to dieback trees' effort to offset the reduction in whole-plant 

photosynthesis, related to canopy decline. Non-dieback stands, as hypothesized, were found to 

show greater seasonal amplitude, and consequently higher productivity. Likewise, our 

findings also showed that non-dieback stands exhibited either a more rapid green-up period, 

probably related also to a different concentrations of leaf pigments, or a quicker senescence 

period. Our findings highlighted how trees, exhibiting die-off symptoms, may keep their vital 

activities by modifying their physiological performance. The discussion above points to a 

critical question relating to the potential impacts of detected phenological shifts on the global 

carbon and water balance of forest ecosystems under future climate change. Surveys of 

vegetation phenological dynamics may therefore represent a key factor to assess forests’ 

response in the face of climate change.  Nonetheless, we recognize that interactions among 

multiple environmental drivers may affect our comprehension of phenological behavior 

changes in vegetation. 
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3.6 Supplementary materials 
 

 

 

 

Figure S4. Boxplots of the start of the growing season (DOY) for D and ND stands for each site. Each box 

shows the 75th to 25th percentiles, and the line inside the box represents the median; upper and lower marks are 

the largest to smallest observation values, which are less than or equal to the upper and lower quartile plus 1.5 

times the length of the inter-quartile range; circles outside the mark ranges are outliers. 
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Figure S5. Boxplots of (A) the vegetation index value at growing season peak (PPI) and (B) total productivity 

(PPI x day), for D and ND stands for each site. Each box shows the 75th to 25th percentiles, and the line inside 

the box represents the median; upper and lower marks are the largest to smallest observation values, which are 

less than or equal to the upper and lower quartile plus 1.5 times the length of the inter-quartile range; circles 

outside the mark ranges are outliers. 

 

 
 

 

 

 

A 

B 



84 
 

CHAPTER 4 - SUMMARY 

 

General conclusions 

 
The overall goal of this study was to investigate the Mediterranean forest responses to climate 

stressors.  

 

The part I evaluated the response of dieback affected forest populations to climate extremes 

through a combined approach. The major findings were as follows:  

 

 NDVI and growth were positively related in all sites, except for the dieback stand of 

Q. frainetto that was negatively related. 

 J. phoenicea and P. sylvestris growth showed a strong dependence on vapor pressure 

deficit. 

  Q. pubescens and Q. frainetto growth depended on soil moisture. 

 Coupling radial growth and NDVI at multiple spatio-temporal scales improves 

dieback assessment. 

 

In general, the study confirmed that impacts of climate extremes on vegetation can be 

evaluated either in terms of canopy greenness or ground-based growth data, suggesting the 

possibility of: i) up-scaling, from tree to stand level, allows to evaluate climate stress on forest 

ecosystems; ii) down-scaling, from the satellite data at broader spatial resolution, provides the 

phenomenon's investigation on a local scale. In addition, the relationships among NDVI and 

BAI, which are likely influenced by the specific time window, may be useful in identifying 

the timing of climate extremes that most affect growth.  
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In Part II of this thesis, the phenological behavior of Mediterranean forest stands exhibiting 

symptoms of decline was explored.  

Here there are the main findings: 

 

 Dieback stands in either site exhibited a lengthening of the growing season, associated 

with a delay of leaf autumn senescence. 

 Non-dieback stands have been found to have greater season amplitude, and subsequent 

higher productivity as compared to diebacks. 

 Non-dieback stands exhibited either a more rapid greening or senescence period 

compared to dieback stands in both sites. 

 

 

Our study revealed new insights into the phenological response of forests to climate change in 

semi-arid regions, demonstrating that trees, exhibiting symptoms of dieback, may maintain 

their biological activities by modifying their phenological performance. Thus, the study can 

provide an understanding of climate-vegetation interactions, primarily in the Mediterranean 

Basin, where enhanced global warming and aridification trends are projected. 
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