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Abstract

During the last decades forest die-off events have been reported in relation to climate-induced
episodes, such as droughts and heat-waves. The causes of these phenomena have been
extensively investigated from a physiological point of view. However, the consequences of the
die-off process in terms of demography and forest dynamics have been less addressed.
Regardless the expected relationship between climate and die-off, resilience of the affected
populations and its associated post-disturbance dynamics cannot be described only considering
regional climatic variables. It is also important to standardize the climatic conditions
experienced by different populations during specific climatic events, considering the historic
climatic conditions of the site where these populations live (bioclimatic niche). In this thesis
SDMs derived indices are used for such purpose, thus investigating whether these indices can
explain forest dynamics after drought events across different spatiotemporal scales.

In chapter 2, forest vulnerability during the extreme heat-wave occurred during 2003 was
investigated at regional scale in France for fourteen species. SDMs indices were used to
standardise the extreme climatic event conditions according to species climatic niche, as a tool
to predict resistance to the heat-wave, estimated from remote sensing signal. Past climatic
conditions and forest structure were also considered to evaluate forest resilience. Overall, forest
resistance tended to increase in populations that historically have suffered high climatic
variability. And it tended to decrease in populations that historically have lived in core-niche
localities but have also experienced a reduction of suitability during the extreme event.
Importantly, species-specific trends relating SDMs indices and stand structure to forest
resistance emerged.

In chapter 3, the capacity of SDM derived indices to predict future forest dynamics after
drought-induced forest die-off was investigated in several populations of Pinus sylvestris living

in Catalonia. P. sylvestris plot dynamics considering young stages (seedlings and saplings)
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were projected under different climate change scenarios to assess the resilience of this species
populations after the die-off event. IPM methodologies -built from demographic vital rates-
were applied to project plot structure at mid-term. Here, we used climatic suitability indices
derived from SDMs to predict the performance of demographic vital rates. IPM projections
indicate that full recovery will not be attained by 2069, although they suggest that post die-off
recovery could be achieved later. Also, resilience capacity would diminish due to a reduction
of climatic suitability induced by the increase of temperature in the expected climate change
scenarios. These trends emerge from the balance between the loss of basal area during the
drought event and the subsequent enhancement of tree recruitment.

In chapter 4, local self-replacement and replacement patterns in a rear-edge P. sylvestris
population, placed in a forest with an altitudinal gradient and affected by drought-induced die-
off was studied. SDMs derived indices from micro-local climatic data were tested to predict
local canopy replacement of dominant P. sylvestris by another accompanying tree species
(Quercus pubescens) with expected higher climatic suitability in this site. SDM indices failed
to predict canopy replacement at this local scale. However, the micro-local conditions
generated by die-off explained self-replacement across the altitudinal gradient.

This thesis demonstrates that SDMs derived indices are useful to standardise climatic extreme
events at regional scale. Forest resilience to drought events across species and landscapes can
be explained by historical conditions that populations have experienced (HCS, HCS-SD).
Besides, forest structure influences populations’ resilience at different spatiotemporal scales,
being this influence more relevant at small scales. After drought-induced die-off events,
recovery and self-replacement of previous dominant species can be attained by stabilizing
mechanisms related to tree recruitment and growth, which in turn are driven by climatic

suitability and by the new micro-local conditions generated by die-off events.
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Resum

Durant les ultimes décades s'han observat una gran quantitat d’episodis de decaiment forestal
relacionats amb fenomens climatics extrems, com ara sequeres i onades de calor. Les causes
d'aquests fenomens s’han investigat ampliament des d'un punt de vista fisiologic. Tanmateix,
les consequiencies del procés de decaiment pel que fa a la demografia i la dinamica forestal han
estat menys abordades. Tot i la relacié esperada entre el clima i el decaiment forestal, la
resiliencia de les poblacions afectades i la seva dinamica posterior a la pertorbacio associada
no es pot descriure Unicament tenint en compte variables climatiques regionals. Per entendre
com aquests fenomens climatics extrems indueixen el decaiment forestal i com aixo afecta la
seva dinamica, és important estandarditzar les condicions climatiques que experimenten les
diferents poblacions durant un episodi concret, tenint en compte les condicions climatiques
historiques del lloc on aquestes poblacions hi viuen (ninxol bioclimatic). En aquesta tesi hem
utilitzat indexs derivats dels MDE (ICH, ICE, ICH-SD) com a eina per a aquest proposit, i hem
investigat si aquests indexs poden explicar la dinamica forestal a diferents escala
espaciotemporals.

Al capitol 2 es va investigar a escala regional i per a catorze especies, la resiliéncia dels boscos
durant una onada de calor que es va produir a Franca durant I'any 2003. Es varen utilitzar MDES
per estandarditzar les condicions durant 1’episodi climatic extrem en relacio al ninxol climatic
de les espécies, com a eina per predir la resiliéncia de les poblacions. A més, es va avaluar si
les condicions climatiques passades i I'estructura forestal poden modular la resiliéncia forestal
a escala regional. En general, s’ha observat que a escala regional la resisténcia dels boscos
tendeix a augmentar en poblacions que historicament han patit una gran variabilitat climatica i
és més reduida en aquelles poblacions que habiten la zona central del ninxol perd que han

experimentat un gran baixada de la idoneitat climatica durant el fenomen climatic extrem.



Tanmateix han aparegut altres patrons de resistencia especifiques entre les diferents especies
estudiades.

Al capitol 3, es va investigar la capacitat dels indexs derivats dels MDEs per predir la dinamica
forestal futura després del decaiment induit per la sequera en diverses parcel-les de Pinus
sylvestris. Es va projectar, sota diferents escenaris de canvi climatic, la dinamica de les
poblacions de P. sylvestris per avaluar la resiliencia després d'aquest esdeveniment de
decaiment; considerant també les diferents etapes del regenerat. Es van utilitzar metodologies
IPM -construits a partir de taxes vitals demografiques- per projectar I'estructura de les
parcel-les a mig termini, utilitzant indexs d'idoneitat climatica com a covariable. S’ha observat
que la resiliencia esta relacionada amb els indexs d’idoneitat climatica derivats dels MDEs; i
també, que la recuperacié posterior al decaiment sembla ser possible a llarg termini. Pero
aquesta resiliencia disminuiria a causa d'una reduccio de la idoneitat climatica induida per
l'augment de la temperatura en els escenaris de canvi climatic esperats.

Al capitol 4, es varen estudiar els patrons locals d'auto-reemplagcament i substitucié en una
poblacio de P. sylvestris, situada en un bosc amb un fort gradient altitudinal i afectada per
decaiment induit per sequera. Es va investigat si els indexs derivats dels MDEs mitjancant
dades climatiques micro-locals sén Utils per predir el reemplagament de 1’espécie dominant P.
sylvestris per una altra especie acompanyant (Quercus pubescens) amb una idoneitat climatica
més alta en aquest bosc. Els indexs derivats dels MDESs no han predit el reemplacament o auto-
reemplacament del dosser a escala local. No obstant aix0, les condicions micro-locals
generades pel propi deccaiment si expliquen 1’auto-reemplacament a través del gradient
altitudinal.

Aquesta tesi demostra que els indexs derivats de MDEs son utils per estandarditzar els
esdeveniments climatics extrems a escala regional. També s’ha observat que la resiliéncia

forestal entre espécies i paisatges es pot explicar amb les condicions historiques i passades que



han experimentat les poblacions (ICH, ICH-SD). A més, l'estructura forestal influeix en la
resiliéncia de les poblacions a diferents escales espaciotemporals; pero la influéncia és més
rellevant en petites escales d'estudi (capitol 3 i 4). També s’ha demostrat que després d'episodis
de decaiment induit per sequeres, la recuperacid i I’auto-reemplagament de I’espécie
previament afectada pot ocorrer mitjancant mecanismes d'estabilitzacio, influenciats

principalment per la idoneitat climatica i les condicions generades pel propi decaiment.
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Chapter 1

General introduction



CHAPTER 1: INTRODUCTION

1.1. Climate change and forest die-off

During the last decades the Earth is experiencing an accelerated global warming induced by
anthropogenic activities involving CO> emission and land use changes, among others (IPCC,
2013). Consequently, this climate change is causing an increase in both frequency and intensity
of extreme climatic events such as droughts, heatwaves, floods and windstorms (Lhotka,
Kysely, & Farda, 2018; Martinez-Alvarado et al., 2018; Seneviratne et al., 2012). Over the last
years, a significant number of forest die-off and mortality episodes have been detected
associated to these extreme events, specially to recurrent droughts, heat-waves or to a
combination of both (Allen, Breshears, & McDowell, 2015; Allen et al., 2010; Carnicer et al.,

2011; Clark et al., 2016).

The two main physiological hypotheses raised to explain tree mortality during these extreme
events are related to hydraulic stress responses. They are identified as: (i) carbon starvation and
(ii) hydraulic failure (Adams et al., 2009; Sevanto, Mcdowell, Dickman, Pangle, & Pockman,
2014). These two processes can also act coupled (Kono et al., 2019; Trifilo et al., 2017), and
they even could be exacerbated by external conditions such as pests and pathogen infestation
(Jactel et al., 2012). During a period of time with low soil water availability and high Vapor
Pressure Deficit (VPD), plant can reduce canopy conductance, and save water by closing
stomata (McDowell et al., 2008). Nevertheless, this process led the plant to avoid
photosynthetic activity, and therefore, to diminish carbon assimilation, with the consequent
reduction of the production of nonstructural and structural carbon compounds. If the hydraulic
stress remains long enough, the reduction of canopy conductance drives the plant to die by
carbon starvation (McDowell et al., 2008). This starvation is originated by a baseline oxidation
of carbon compounds by respiration that can finally provoke the depletion of nonstructural

carbon reserves (Galiano, Martinez-Vilalta, & Lloret, 2011; Sevanto et al., 2014). This process



is particularly serious for Gymnosperms which are more prone to die by carbon starvation
because they have smaller carbon reserves in comparison with Angiosperms (Adams, Zeppel,
Anderegg, Hartmann, Landhdusser, Tissue, Huxman, Hudson, et al., 2017). However, if the
plant strategy to face extreme drought is opening the stomata to avoid carbon starvation, the
loss and use of water can provoke an embolism in the plant circulatory tissues. This originates
an irreversible damage in the xylem and lead to the partial or total dead of the plant due to
hydraulic failure and desiccation (Hartmann et al., 2018). Importantly, while most of the studies
published to date have primarily addressed the physiological and environmental causes of
forest die-off, only few studies have examined the consequences of this phenomenon at the

level of vegetation dynamics (but see Batllori et al., 2020).
1.2. Vegetation dynamics

Vegetation dynamics comprises all the processes related to changes in plant community
performances at different coupled spatial and temporal scales (Franklin et al., 2020; Hytteborn
& Verwijst, 2011). In particular, vegetation dynamics includes the vegetation response at
different time scales. On short time scales, encompasses physiological responses, such as
carbohydrates dynamics (Dickman et al., 2015), and plant decay or mortality, which occurs
from days to few years (Galiano et al., 2010; Lloret & Kitzberger, 2018; Pérez Navarro et al.,
2018). At a medium time scales, comprises the changes in demographic and structural
performances, such as seedlings dynamics or growth patterns that occur from years to decades
(Kuuluvainen & Juntunen, 1998; Molowny-Horas, Suarez, & Lloret, 2017), and finally, at large
temporal scales, ecological processes that can last from decades to centuries like succession
and community and biomes shifts are considered. Simultaneously, the study of vegetation
dynamics encompasses also different spatial scales, from individual to regional (Hytteborn &

Verwijst, 2011). Likewise, we can consider the study of ecological processes at organism level,
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such as tree growth response under a given environmental condition or plant physiology
response in front of stressors (H. D. Adams et al., 2013), the study at population and community
level, that is, demographic and stand dynamics, which is usually relevant for management
practices (Cobb et al., 2017), and finally the study at regional scale that involve landscape
shifts, and changes in species and community distributions, which are relevant for global
ecological trends including carbon and nutrient cycles (Kelly & Goulden, 2008; McDowell et

al., 2016).

It is assumed that vegetation dynamics are clearly determined by the climatic conditions
experienced by plants and communities in a given location. And also are related by other
environmental variables such as those related to the pedosphere (Bauer, Mack, & Bever, 2015),
or to biotic interactions, such as competition, facilitation and antagonisms, and human
activities, such as management practices, and land use, operating across time (Wisdom et al.,
2009). Historically, it has been considered that the community stability is reached under a
constant climate, soil and land use (Clements, 1916). However, even when the environment is
constant, the dynamics of vegetation can move on, reflecting changes of the community due to
biotic interactions and time lags associated to different life histories, thus resulting in
transformations of the environmental space by the stablished organisms (Pickett, Cadenasso,
& Meiners, 2012). This process, known as ecological succession, is a sequency of phenomena
that drives a plant community towards to late-successional stage - closer to the so-called climax
communities (Margalef, 1977)-, which are characterized by high biomass accumulation and
high complexity, but less productivity than the pioneer communities (Wang et al., 2004; West,

Shugart, & Botkin, 1976).

The occurrence of disturbances, such as pest outbreaks, climate driven mortality events,

wildfires, or windthrows, can provoke a regression of the ecological succession, thus pushing



back the community again to a pioneer stage (Grime, 2001). Afterwards, rapid shifts to
alternative states of the community determined by its composition, structure and functioning
may occur as a result of the increase of frequency of those aforementioned disturbances (Millar
& Stephenson, 2015; Nolan et al., 2021). This is particularly relevant when these disturbances
are at some extent driven by climate, which is indeed changing. However, these changes in
species composition and structure can push the community to another state which may be better
adapted to the new climatic conditions, that is, showing more climate equilibrium with future
conditions (Pérez-Navarro et al., 2021). Although these episodes of disturbances can
potentially lead to important changes in forest communities, stabilizing mechanisms at
populations and communities level, such as the presence of a seedbank, competition release
and seedlings facilitation by the remaining trees or by the understory, can favor resilience
against climate change induced disturbances (Gazol, Camarero, Vicente-Serrano, et al., 2018;
Lloret, Escudero, Iriondo, Martinez-Vilalta, & Valladares, 2012; Redmond, Weisberg, Cobb,
& Clifford, 2018). Therefore, the analysis of these mechanisms attains particular relevance in

the current scenario of global change.
1.3. Community and ecological resilience

The capacity of populations and communities to persist, but also their performance across time
against disturbances is called resilience, defined (by Tilman and Downing, 1994) as the ability
to reach pre-disturbance performance levels. Resilience can be estimated by the ratio between
the performance before and after the perturbation (Lloret, Keeling, & Sala, 2011). Two major
components of resilience can be recognized: resistance and recovery (Ingrisch & Bahn, 2018).
Resistance is defined as the ability to maintain system properties during a disturbance (Leps,
Osbornova-Kosinova, & Rejmanek, 1982), or in other words is the reversal of the reduction in

ecological performance during the disturbance (Lloret et al., 2011). Individual and community
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resistance can be assessed by considering different properties of the system, such as individual
growth (Colangelo et al., 2021), biomass accumulation (MacGillivray & Grime, 1995) or
NDVI (Normalized Difference Vegetation Index) as a proxy of primary production (F. Lloret
et al., 2007). Plant resistance has been explained by the species’ specific nutrient stress
tolerance (MacGillivray & Grime, 1995), plant functional traits and related physiological
strategies (Vernon, Sherriff, van Mantgem, & Kane, 2018), stand characteristics and site
quality (Lloret et al., 2007; Sanchez-Salguero et al., 2015) and also by taking into account the
species characterization based on the ecoregion where they live and their related climate and

geography (Hossain & Li, 2021).

On the other hand, recovery can drive the performance of the individuals (Gazol, Camarero,
Sanguesa-Barreda, & Vicente-Serrano, 2018) or populations and communities to states similar
to those before the disturbance (Peterson, Allen, & Holling, 1998). Thus, recovery is drove by
different internal ecosystem processes that may occur after the disturbance such as both
regeneration and further growth of the remaining individuals (Albrich et al., 2020). Then,
community structural and individual features pushed towards those prior to the disturbance.
Obviously, recovery is also determined by the environmental variability occurring after
disturbances (Dobor et al., 2018; Zhu et al., 2020). But, other factors played an important role
on recovery and resilience such as, past comunity structure, management and disturbance

legacies and species richness (Seidl, Rammer, & Spies, 2014, Vogt et al., 2012).

Subsequently, the lesser is the ecosystem resistance, the higher recovery is needed to achieve
similar resilience than ecosystems with high resistance. Therefore, an ecosystem with high
resilience tends to show a high resistance or a high recovery and thus these two components
could be at some extent complementary regardless the specific mechanisms influencing each

of them (Ingrisch & Bahn, 2018; Lloret et al., 2011).



1.4. Species bioclimatic characterization

As we said before, there is a strong relationship between climate variables and forest die-off
(Breshears et al., 2005; Goulden and Bales, 2019; Greenwood et al., 2017). Nevertheless the
relationship between climate variable and tree decay and population die-off is not univocal
(Hartmann et al., 2018). First, in the face of a specific climatic event, different species in a
community may respond differently (Aguadé, Poyatos, Rosas, & Martinez-Vilalta, 2015;
Pretzsch et al., 2020). And second, interactions between the different species of the community
can modulated the severity of the disturbance (Pretzsch, Schitze, & Uhl, 2013; Svenning &
Sandel, 2013). Also, in the face of the similar climatic event, different populations of the same
species may respond differently, due to the existence of intraspecific variability promoted by
acclimatization (Liu & Dickmann, 1993; Niinemets, 2010), local adaptations (Soliani, Mattera,
Marchelli, Azpilicueta, & Dalla-Salda, 2021) or management legacies (Heres et al., 2021).
Finally, the intensity of a given climate extreme event can be variable at a regional scale, since
weather is not constant across time and space, and it is usually modulated by the topography

of the landscape (Clifford, Royer, Cobb, Breshears, & Ford, 2013).

Some authors have hypothesized that the species abundance tend to be greater at the center of
the species geographical distribution and that they gradually decrease towards the geographic
extremes of their distribution, thus reflecting the same pattern of species' fitness, and assuming
a correspondence between the center of distribution and species optimum (Centre-Periphery
CP hypothesis, see Sexton et al., 2009). Accordingly, populations located at the edges of the
species geographical distribution will likely be more vulnerable to disturbances and climate
change (Allen & Breshears, 1998). Therefore, these peripherical populations will be more
easily replaceable by other coexisting species which will be located in its center of distribution

(Martinez-Vilalta & Lloret, 2016). But, other studies have pointed out that the vulnerability to
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climate change may also be higher in the geographic center of distribution (Cavin & Jump,
2017). Overall, the CP hypotheses assumes the premise that there is a relationship between
geographical space and climate, which is not always sustained (Pironon, Villellas, Morris,
Doak, & Garcia, 2015). Accordingly, the use of the climatic niche space to describe
populations’ performance instead geographic range may more accurate when studying
communities’ response in front of climate-induced disturbances. In this context, it is essential
to establish a standardization for the adequacy of specific climatic conditions (e.g., past
climatic conditions an future climate scenarios considering extreme episodes of drought)
experienced by communities, in relation to the set of climatic conditions in which the species
currently live, that is, its bioclimatic niche. This standardization would allow comparing (i)
populations of the same species that have experienced different climatic regimes, and (ii)
populations of different species that coexist and that experience the same climatic conditions.
Such standardization of the climatic conditions that the populations experienced can be
achieved by the characterization of the climatic space of the studied species, which would

correspond to a subset of the species ecological niche.
1.5. Species Distribution Models and their use in vegetation dynamics

Basically, there exists two approaches to model the species ecological niche: climate envelope
models, also known as correlative species distribution models (cSDMs), and process-based
models, also known as mechanistic species distribution models (mSDMs). CSDMs allow to
establish the relationships between environmental conditions (e.g., climate) and both presence
and absence of the species occurrences (Jane Elith & Leathwick, 2009). These models are
mainly based on species observations, so they basically describe the species' realized niche,
that is, the environmental space where the species are found (Hutchinson, 1978). In contrast,

mSDMs are based on physiological characteristics of the species, often incorporating in the



model the relationship between functional traits and physiological and demographic
performance to the environment. These SDMs are therefore more complex, but permit to build
up the fundamental niche (Hutchinson, 1978): that is, the environmental space in which a given
specie can persist (regardless biotic interactions, dispersion capacity, etc.). Accurate mSDM
models are extremely difficult to build, especially when working with different species with
complex life cycle, given the huge experimental setting needed. For these reasons, cSDMs are
more often used than mSDM to construct species niche and particularly to predict species
distributions. There are different cSDMs alghoritms usually used to build niche models, such
as GLM, GAM, Random Forest or Maxent, among others (Franklin, 2010). All of them are
based on species observations and absences or pseudoabsences. Therefore, the outputs of the
models are the probability of appearance of the species in a given location, ranging from 0 to
1. This probability can be translated to less or more suitable climatic conditions for that species
in a given place (Franklin, 2010). In other words, outputs of the cSDMs can be interpreted as
the climatic suitability that experiences a given population in a given location, taking into
account the whole species distribution and the climatic conditions in which it lives. In recent
years, climatic suitability indices derived from SDMs have been used to characterize
climatically populations —e.g., to check the Centre-Periphery hypothesis -, in relation to the
vulnerability and resilience of populations in front of extreme climatic events (Lloret &
Kitzberger, 2018) or biological disturbances such as pests (Jaime, Batllori, Margalef-Marrase,
Pérez Navarro, & Lloret, 2019). Although these studies have documented how historical
climatic conditions can explain the regional patterns of die-off in forest dominated by given
species, less work was been done considering different species across space. Likewise, the
relationship between suitability indices and resilience mechanisms such as growth or

regeneration establishment are poorly understood (van der Maaten et al., 2017).
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1.6. Thesis case study

During the last years, high climatic variability has resulted in a significant increase of high
intensity of droughts and heat-waves across many biomes, including the temperate forests.
Different droughts usually coupled with heat-waves (the so-called hot-droughts) have affected
many temperate forests causing an increase of physiological stress in trees that can surpass
their tolerance limits, eventually inducing die-off in several species, such as Pinus sylvestris
(Bose et al., 2020), Fagus sylvatica (Leuschner, 2020), Pinus halepensis (Perez-Navarro et al.,
2020), among others. One example of such events is the hot-drought that affected Western
Europe during the 2003 (Rebetez, Mayer, & Dupont, 2006), which is considered to have been
one of the most intense drought recorded before that date. Other episodes include the droughts
of 2005 - 2006 (Jol, Raes, & Menne, 2009), 2012 (Camarero et al., 2018), 2018 - 2019 (Buras,
Rammig, & S. Zang, 2020) that also induced forest die-off in the Iberian Peninsula and Western
Europe (Banqué Casanovas, Vayreda Duran, & Martinez-Vilalta, 2013; Obladen et al., 2021;
Senf, Buras, Zang, Rammig, & Seidl, 2020). Here | will use the 2003 hot-drought and 2012
droughts as study cases to evaluate how SDMs can capture the severity of such events and how
they can be used to predict resilience and dynamics of the vegetation after the die-off events,

across temporal and spatial scales.

1.7. Thesis aims

Extreme climatic phenomena, such as droughts, are increasing under climate change, and these
events can affect vegetation dynamics. Ecological mechanisms determining resilience to such
events can operate under the climate change context, but there still are uncertainties about when
how they act, which prevent to determine the degree of resilience of different species to global
change. Moreover, the relationship between extreme climatic events and vegetation responses

are not clear enough when different spatiotemporal scales of observation are examined. In this
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sense, it is necessary to stablish methodologies that allow to explore at different scales - from
trees to stands and landscape- how climatic conditions could affect vegetation dynamics. Here,
| applied SDMs to standardize environmental conditions across scales and their relationships
with vegetation dynamics. This rationale is particularly valuable when dealing with
disturbances directly linked to climate, such as extreme drought, which result in forest die-off

and eventual mortality.

The general aim of this thesis was to analyse and model plant and vegetation dynamics
associated with climate change induced forest die-off across different spatiotemporal scales.
For this purpose, we used climatic suitability extracted from species niche models (SDMs) as
a tool to standardize climatic conditions experience by trees and forests and to explain the
changes on vegetation dynamics induced by past and present climatic conditions. The specific

objectives addressed in the different chapters were:

In chapter 2, the goal was to determine the existence of common patterns of population die-off
vulnerability (i.e., lack of resistance) in front of climate extreme events at regional scale. For
such propose we used the hot-drought event occurred across Western Europe during the 2003
summer as case study. We focused our study in pure forest populations of 14 different species
across the French territory, where this episode was particularly intense. NDVI anomaly during
a short period of time following the event was used as a tool to estimate the severity and the
degree of affectation by drought. The historical climatic niche condition and its variability were
characterized for each population. Also, standardization of the extreme event conditions
according to species climatic niche was stablished and used as a tool to predict population

vulnerability.

In chapter 3, the aim was to model forests dynamics of species populations affected by die-off,

incorporating the climatic suitability for the population. We simulated at mid-term and under
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different climate scenarios the resilience capacity (engineering resilience) of populations
affected by die-off, in comparison to unaffected populations. In this chapter, particular attention
was given to the role of recruitment stages. For such purposes, demographic models inform on
population performance over time, thus allowing to asses resilience after a given perturbation.
In this sense, IPMs (Easterling, Ellner, & Dixon, 2000) allows great flexibility by integration
functions describing the main processes (recruitment, growth, mortality) that determine stand
structural features. These models were applied to Pinus sylvestris stands that experienced
severe drought-induced die-off and mortality distributed across Catalonia to create simulations
under climate change scenarios, which were run for more that 50 years, and they incorporated

population’s climatic suitability as a one of the predictors.

In chapter 4, the objective was to study local self-replacement and replacement patterns in a
rear-edge P. sylvestris population affected by drought-induced die-off and mortality. In this
forest, P. sylvestris and another accompanying species (Quercus pubescens) with different
bioclimatic niche are distributed along a local environmental gradient, mostly determined by
elevation. The aim was to investigate whether dominant P. sylvestris population affected by
die-off are resilient after such perturbation, which create gap openings in the forest. We
examinated if this new situation can promote replacement by Q. pubescens, which is expected
to be experiencing more climatic suitability in that forest. Here, resilience was assessed by
measures of individual growth, which were compared for the two coexisting species. This
approach allowed us to predict future short-term canopy replacement and therefore, the degree
of resilience. Further, climatic suitability of the coexisting species and other environmental
variables (gap opening, micro-local temperature, elevation...) determining this feasible species

replacement were analyzed.
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Summary

In recent decades many forests die-off events have been reported in relation to climate change-
induced episodes, such as droughts and heat waves. To understand how these extreme climatic
events induce forest die-off it is important to find a tool to standardize the climatic conditions
experienced by different populations during a specific climatic event, taking into account the
historic climatic conditions of the site where these populations live (bioclimatic niche). In this
study we used estimates of climatic suitability calculated from Species Distribution Models
(SDMs) for such purpose. We studied forest die-off across France during the 2003 heatwave
that affected Western Europe, by using 2,943 forest inventory plots dominated by fourteen
single tree species. Die-off severity was estimated by NDVI loss using MODIS remote sensor
imagery. Climatic suitability at local level during the historical 1979-2002 period (HCS), the
episode time (2003) (ECS) and suitability variability during the historical period (HCS-SD))
were calculated for each species by means of BRT models using the CHELSA climate database
and occurrences extracted from European forest inventories. Low HCS-SD and high mean
annual temperature explained the overall regional pattern of vulnerability to die-off across
different monospecific forests. The combination of high historical and low episode climatic
suitability also contributed significantly to overall forest die-off. Furthermore, we observed
different species-specific relationships between die-off vulnerability and climatic suitability:
Sub-Mediterranean and Mediterranean species tended to be vulnerable in historically more
suitable localities (high HCS); while, Euro-Siberian species presented greater vulnerability
when the hot drought episode was more intense. We demonstrated that at regional scale, past
climatic legacy plays an important role in explaining NDVI loss during the episode. Moreover,
we demonstrated that SDMs-derived indexes, such as HCS, ECS and HCS-SD, could constitute
a tool for standardizing the ways that populations and species experience climatic variability

across time and space.
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2.1. Introduction

Forest die-off and tree mortality events have been widely reported in recent years across many
biomes, and they have been associated with hot drought episodes (Allen et al., 2015, 2010;
Carnicer et al., 2011; van Mantgem et al., 2009) that can be related to climate change (IPCC,
2013). The evidence of the relationship between climatic variables (basically lack of
precipitation combined with high temperatures) and forest die-off — loss of green coverage, leaf
browning, growth reduction, partial dieback and even tree mortality- has mostly been observed
at local scale for particular species (e.g., Faber-Langendoen and Tester 2006, Bigler et al. 2007,
Sarris et al. 2007, Anderegg et al. 2011, Heres et al. 2012). However, our understanding of the
variability of forest die-off patterns at regional scale in relation to climate extremes, like hot-
drought episodes, is still limited, particularly as regards comparisons of the performances of
different species (Allen et al., 2015; Steinkamp & Hickler, 2015). Comparisons between
species responses to similar climatic extremes across geographical gradients are challenging
because of local environmental variability, including weather and soil variability (Adams,
Barnard, & Loomis, 2014; Clifford, Royer, Cobb, Breshears, & Ford, 2013; Olarieta, Bargués
Tobella, Rodriguez-Ochoa, & Antlnez, 2017; Western, Grayson, & Bldschl, 2002), population
variability due to genetic, demographical and management legacy (Cavin & Jump, 2017;
Hampe & Petit, 2005; Valladares et al., 2014; Vila-Cabrera, Martinez-Vilalta, Vayreda, &
Retana, 2011) and species attributes (Greenwood et al., 2017; Martinez-Vilalta, Lloret, &
Breshears, 2012)

It is often assumed that species perform better when they are closer to their niche optimum
rather than when they are near the edge of their niche (Abeli, Gentili, Mondoni, Orsenigo, &
Rossi, 2014; Sexton et al., 2009). However, populations close to the centre of their species’s
climatic niche could be also affected by extreme climatic events (Lloret & Kitzberger, 2018)

while, conversely, populations living under less suitable conditions could be less vulnerable
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(Cavin & Jump, 2017; Lloret & Kitzberger, 2018). This pattern could appear as a consequence
of high water-demanding organs, built during periods of high resource availability, of
populations living close to climatic niche optimum or of local adaptation or phenotypic
plasticity in niche edge populations (Rose, Leuschner, Kockemann, & Buschmann, 2009).
However, these patterns could be modified by biotic interactions -i.e., competition, facilitation
(Lloret & Granzow-de la Cerda, 2013)- or by increasing or decreasing vulnerability in the edge
or core populations. More specifically, high stand density or high basal area has been reported
as contributing to tree mortality under drought conditions (Bottero et al., 2017; Young et al.,
2017).

Species distribution models (SDMs) are statistical models that relate species occurrences to
environmental conditions, thus providing a species-specific index of habitat suitability, which
can be specifically related to the climatic environment (species climatic suitability; Serra-Diaz
et al., 2013). SDMs have been used to predict population demographic performance and
species’ persistence (Thuiller et al., 2014). Furthermore, SDMs have also been applied to
standardize the climatic conditions undergone by different populations of a given species or
different co-occurring species during the same extreme climatic event, relative to the historical
climate conditions that each populations or species have experienced. (Sapes et al. 2017, Lloret
and Kitzberger 2018, Perez et al. 2018).

Here we studied forest die-off during an extreme climatic event which occurred in France in
2003. From May to August 2003, vast areas of Western Europe experienced an extreme
heatwave, concurrent with exceptionally low rainfall, and the functioning of forests was
modified as a result (Ciais et al., 2005; Graf Pannatier et al., 2012; Pichler & Oberhuber, 2007).
Thus, widespread forest die-off appeared in 2003 and their symptoms — i.e., loss of green
canopy, leaf browning, growth reduction and mortality- remained in the following years (Allen

et al., 2010; Bréda, Huc, Granier, & Dreyer, 2006; Lloret et al., 2007). This loss of green
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coverage resulted in an anomaly in the Normalized Difference Vegetation Index (NDVI)
(Zaitchik, Macalady, Bonneau, & Smith, 2006).

The main goal of this study was to assess how climatic suitability during an extreme climatic
event relates to die-off processes at regional scale, and to fourteen different forest tree species.
We used several estimates of species climatic suitability derived from SDM outputs: Historical
Climatic Suitability (HCS), which provided the suitability during the historical climate series;
Event Climatic Suitability (ECS), which provided the suitability during the heat wave; and
Historical Climatic Suitability Variability (HCS-SD), which provided the historical climate
variability during the reference period (Lloret & Kitzberger, 2018). We also considered plot
forest structure (density and basal area) as potential explanatory variable of die-off intensity
(Klos et al., 2009; Linares, Camarero, & Carreira, 2010).

More specifically, we investigated (1) whether populations experiencing the hot-drought
episode were highly affected when living close to their climatic limit of tolerance (negative
effect of HCS on forest die-off) or when living close to the climatic optimum (positive effect
of HCS on forest die-off), (2) the importance of extreme event magnitude on forest die-off
(negative relationship between ECS and die-off), (3) whether populations were more affected
in low climatic variability environments (negative effect of HCS-SD on forest die-off) or in
high variability ones (positive effect of HCS-SD on forest die-off), thus demonstrating a
climatic legacy effect in populations, (4) the interaction between climatic suitability variables
in the elucidation of whether extreme episode suitability was increasing die-off close to the
species’ climatic optimum or close to their climatic limit of tolerance (interaction between ECS
and HCS); and (5) whether past variability was reinforcing die-off in core or edge populations
(interaction between HCS and HCS-SD) or whether climatic legacy events was reinforcing die-
off in populations that experienced high drought magnitude (interaction between HCS-SD and

ECS). Finally, we also tested (6) the importance of forest structure on forest die-off and whether
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forest structure modulates forest die-off in low or high climatic suitable populations

(interaction between forest structure and Climatic Suitability Indices).
2.2. Methods

2.2.1. Study system

We performed the study in mainland France (3° 6' E, 42° 30' N to 2° 32' E, 51° 05' N,
334,604 km?). During 2003 precipitation was lower than average from May to September -see
figure S2 of the supplementary material-, especially in June and August (Rebetez et al., 2006).
In particular, August rainfall was 20% to 75% lower than the average for that month in the
1961-1990 period. Furthermore temperatures in France were exceptionally high in 2003 (see
figure 1b and figure S1 of the supplementary material), which came to be considered the hottest
summer since 1500 (Luterbacher, Dietrich, Xoplaki, Grosjean, & Wanner, 2004). Maximum
air temperature was higher than the 1961-1990 average for May (by 1-3°C across the region)
to August (by 4-6°C) (Rebetez et al., 2006).

Our study was based on semi-natural woodlands as almost all European forests, which have
been historically heavily managed and exploited (Farrell et al., 2000)- dominated by native
species. We selected 6,400 plots from the French National Inventory (IFN) corresponding to
the 2006 campaign. Since we aimed to analyze species-level patterns, we selected plots
dominated by single species in order to minimize interactions between dominant species. We
then selected those forest plots that satisfied the following requirements: (1) at least 40% of
tree canopy cover; (2) location within a forest patch larger than 4 ha (200 meters of wide)); (3)
dominant species that represented at least 67% of the total basal