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Geographical adaptation prevails over species-specific determinism in trees’ vulnerability

to climate change at Mediterranean rear-edge forests
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Abstract

Climate change may reduce forest growth and increase forest mortality rates, which is
connected to high carbon costs through reductions in gross primary production and net
ecosystem exchange. Yet the spatiotemporal patterns of vulnerability to both short-term extreme
events as well as gradual environmental changes are quite uncertain across the species’ limits of
tolerance to dryness. Such information is fundamental for defining ecologically relevant upper
limits of species tolerance to drought and hence, to predict the risk of enhanced forest mortality
and shifts in species composition. We investigate here to what extent the impact of short and
long-term environmental changes determines vulnerability to climate change of three evergreen

conifers (Scots pine, silver fir, Norway spruce) and two deciduous hardwoods (European beech,
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sessile oak) at their southernmost limits of distribution in the Mediterranean Basin. Finally, we
simulated future forest growth under RCP 2.6 and 8.5 emissions scenarios using a multispecies
Generalized Linear Mixed Model. Our analysis provides four key insights into the patterns of
species’ vulnerability to climate change. First, site climatic marginality was significantly linked
to the growth trends: increasing growth was related to less climatically-limited sites. Second,
estimated species-specific vulnerability did not match their a priori rank in drought-tolerance:
Scots pine and beech seem to be the most vulnerable species among those studied despite their
contrasting physiologies. Third, adaptation to site conditions prevails over species-specific
determinism in forest response to climate change. And fourth, regional differences in forests
vulnerability to climate change across the Mediterranean Basin are linked to the influence of
summer atmospheric circulation patterns, which are not correctly represented in global climate
models. Thus, projections of forest performance should reconsider the traditional classification
of tree species in functional types and critically evaluate the fine-scale limitations of the climate

data generated by global climate models.

Introduction

Climate change is having a marked effect on biodiversity loss and might further contribute to
species range shifts and local extinction as a consequence of ecosystem alteration and
desertification expansion (Bellard et al., 2012; Chapin et al., 2000; IPCC, 2014; Thomas et al.,
2004). In forests, climate change has already altered species phenology (Menzel & Fabian,
1999; Menzel et al., 2006) and mortality patterns (Allen et al., 2010), directly impacting species
composition (Hampe & Petit, 2005) and inducing shifts in species’ distribution limits (Chen et
al., 2011; Parmesan, 2006; Wilson et al., 2005), sometimes coupled with a net range contraction
(Pefiuelas et al., 2007; Urli et al., 2014). Climate predictions point to a global increase in
temperature and regional changes in rainfall patterns and trends, coupled with a higher
frequency of extreme climatic events, leading to an increase of vegetation cover in high
latitudes and a decrease in low latitudes and tropical region (Collins et al., 2013; Falloon et al.,

2012). Although precipitation is expected to increase globally, the Mediterranean Basin will
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likely experience drying due to the rise in temperature and changes in atmaospheric circulation
patterns (Collins et al., 2013). Specifically, precipitation over the Mediterranean Basin is known
to be linked to changes in atmospheric circulation patterns such as the North Atlantic
Oscillation (NAO; Fortuny, 2015; Kelley et al., 2012a, 2012b; Vicente-Serrano et al., 2011),
which has been demonstrated to influence forest growth in the Mediterranean region (Piovesan
& Schirone, 2000; Dorado-Lifian et al., 2017b; Touchan et al., 2017). According to the
information provided by instrumental records, the Mediterranean region has already been
showing a significant increase in dryness over the last six decades (Hartmann et al. 2013)
concurrent with an increase in the frequency of high NAO phases (Bladé et al., 2012; Folland et
al., 2009), and drying will likely continue during the next century (Gao & Giorgi, 2008; Ozturk
et al., 2015). Such long-term projected changes will presumably lead to an expansion of warmer
and dryer climates (Chan & Wu, 2015; Feng & Fu, 2013) as well as to changes in intensity and
durations of extreme climatic events (Giorgi & Lionello, 2008; Westra et al., 2014). Those
changes could tip into a different vegetation state, but uncertainties of this occurring are still

very high (Allen et al., 2010; Bonan, 2008; Lenton et al., 2008).

The increase in the recurrence of drought episodes coupled with the species differences in
drought tolerance may destabilize forest ecosystems and induce changes in distribution,
dominance and/or species composition (Aitken et al., 2008; Czlcz et al., 2011; Dorado-L.ifian et
al., 2017a; Gémez-Aparicio et al., 2011; Hanewinkel et al., 2013; Lenoir et al., 2008; Thuiller et
al., 2005; Vacchiano & Motta 2015; Zimmermann et al., 2009). Changes in species composition
and distribution are expected to influence climate feedbacks by altering albedo, biologically-
driven sequestration of carbon from the atmosphere, and the release of greenhouse gases (Pecl

etal., 2017).

Moreover, the climate change signal over the Mediterranean region shows significant fine-scale
structure due to the complex topography of the region (Gao et al., 2006). Understanding spatial
variability in species sensitivity and response to climate, as well as the related drivers, is a

fundamental challenge of climate change ecology in order to preserve forest-based biodiversity
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and ecosystem services (Clark et al., 2011). Indeed, recent studies have stressed the importance
of accounting for geographical variability in population’s sensitivity to climate (Matias et al.,
2017), as well as explicitly linking vegetation-atmosphere interactions (Dorado-Lifian et al.,
2017b) and feedbacks (Zemp et al., 2017). This is considered an efficient way of addressing the

vegetation-climate connections still poorly represented in process-based vegetation models.

Tree growth is a good surrogate of tree vitality and performance with a proven potential to
provide regionally coherent multispecies growth networks to investigate responses to long-term
climate change (Allen et al., 2010; Shestakova et al., 2016; Williams et al., 2013). Differences
in tree growth and climate sensitivity are expected across altitudinal and latitudinal gradients
according to differences in precipitation and temperature (Jump et al., 2009). Growth responses
along altitudinal gradients are generally convergent, with trees displaying an increasing
sensitivity to drought with decreasing elevation (Di Filippo et al., 2007; Gea-lzquierdo &
Cariellas 2014; Matias et al., 2017). Conversely, studies on latitudinal and longitudinal gradients
have been inconclusive, due to the large geographical domain to be covered. In fact, evidence of
a higher vulnerability to warm and dry climate at the southernmost limit of a tree species
distribution compared to the range core has not been evident (Cavin & Jump, 2016; Hacket-Pain
et al., 2016). Furthermore, vulnerability to climate is not even consistent within the rear-edge of
different species (Gazol et al., 2015; Dorado-Lifan et al., 2017b; Martinez-Sancho et al., 2018;
Sanchez-Salguero et al., 2017; Seim et al., 2014), evidencing that geographically marginal

forests are not necessarily climatically marginal (e.g., Tegel et al., 2014).

In this context, the limits of species’ tolerance to challenging climate conditions are highly
related to the level of conservatism in a plant's hydraulic strategy (i.e., hydraulic safety
margins). For example, conifers have theoretically larger hydraulic safety margins and lower
sensitivity to vapour pressure deficit (VPD) than broadleaves (i.e., Fagus sylvatica) which may
counteract their lower ability to repair stem embolisms (Johnson et al., 2012; Carnicer et al.,
2013). However, such a distinction is not always clear-cut due to the large differences in

ecophysiological behaviour among species within each group (Choat et al., 2012) and
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differences within the same species across climatic gradients (e.g., Zang et al., 2014; Frank et
al., 2015). Thus, the heterogeneity in the response to climate observed across ecological and
geographical gradients may reflect the species’ phenotypical plasticity and the ecophysiological
strategy of locally adapted populations, which may be as relevant as the differences observed

amongst species and plant functional types (Anderegg, 2015; Martinez-Sancho et al., 2017a,b).

This paper addresses a systematic and multispecies analysis aiming at determining what is more
influential for species persistence (i.e., tolerance to short- and long-term environmental changes)
at rear-edge forests of temperate and boreal species in the Mediterranean Basin: site adaptation
or species determinism. The consistent selection and sampling of not only geographically but
also climatically limited forests allowed to go beyond the simple collection of sites without a
uniform selection criterion. This enabled the identification of site-specific, species-specific, and
regional patterns of vulnerability to both long and short-term changes in climate as well as other
disturbances. To reach that aim we: (1) determined forests climate sensitivity and tolerance to
short term environmental changes (i.e., climate extremes and site disturbances); and (2) assessed
their potential vulnerability to forthcoming changes in climate by simulating tree growth of the
different temperate and boreal species under different climate scenarios. We additionally (3)
tested whether the vulnerability to climate change is not only local but linked to regional
climatic patterns and we finally 4) evaluated if the identified regional atmospheric circulation
patterns are correctly reproduced by the simulated climate data used for the forests growth

projections.

Material and Methods

Site selection, sampling and development of growth chronologies

A field campaign was carried out during summers of 2013 and 2014 across Spain, Italy,
Slovenia, Bulgaria and Romania in order to develop a homogeneous and up-to-date tree-ring
network of 42 rear-edge forests of five temperate and boreal species comprising conifers and

broadleaf tree species (STable 1). Specifically, the network was composed of twelve European
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beech (Fagus sylvatica L., beech hereafter), ten silver fir (Abies alba Mill., fir hereafter), nine
sessile oak (Quercus petraea (Matt.) Liebl; sessile oak hereafter), seven Scots pine (Pinus
sylvestris L., Scots pine hereafter) and four Norway spruce (Picea abies (L.) H. Karst., spruce
hereafter) forests distributed along the southernmost limit of each species current distribution
area in southern Europe (SFig. 1). The number of sites sampled per species mirrors the
limitations to find forests fulfilling all of the following requirements: (i) natural regenerated
forests with individuals older than 80 years old, (ii) not heavily managed during the last decades
and (iit) where species-specific tree growth is likely limited by high temperature and relatively
low precipitation during the growing season, particularly during summer based on the local
climatology (i.e., Mediterranean conditions). Concretely, selected sites experienced some sort of
summer stress due to either low precipitation, high mean summer temperature or both. There
were fewer spruce sites due to the reduced distribution range of this species in southern Europe.
Most of the sites were pure stands, or sometimes mixed with other temperate or sub-
Mediterranean tree species (e.g., Quercus pyrenaica Willd., Q. pubescens Willd., Q. cerris L.,

or Pinus nigra Arnold).

Generally, beech is considered a shade-tolerant species with a low tolerance to drought and
requiring a certain degree of atmospheric humidity to survive (Lendzion & Leuschner, 2008).
Sessile oak is assumed to be more resistant to drought than beech (Aranda et al., 2005;
Raftoyannis & Radoglou, 2002). Scots pine is a light-demanding species and considered a
drought-tolerant conifer (Richardson, 1998), although its strict stomatal control makes it very
vulnerable to an early drought-induced growth decline (Martinez-Sancho et al., 2017). Spruce
has been described as moderately shade-tolerant and highly vulnerable to drought (Boden et al.,
2014; Pretzsch et al., 2014; Zang et al.,, 2012), even more than beech. According to the
literature, spruce and beech would be the least drought-tolerant species and sessile oak and
Scots pine the most tolerant ones. Fir is less vulnerable to drought than spruce, but it is unclear

whether it is less or more tolerant to drought than beech (Cailleret & Davi, 2011; Zang et al.,
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2014). No subspecies or varieties (i.e., Fagus sylvatica subsp. orientalis (Lipsky) Greuter &

Burdet) were included in the sampled forests.

Since the area covered by the study is large, the climate is not homogeneous across sites and a
gradient in macroclimatic conditions such as summer temperature and precipitation can be
observed in Fig. 1: although there are no big differences in summer temperature, the western
(Iberian Peninsula) forests generally experienced drier summers than those located in the central
(Italian Peninsula and Liguria Gulf) and eastern (Bulgaria and Romania) Mediterranean Basin.
Since previous studies revealed geographical differences in tree growth across the
Mediterranean Basin (Dorado-Lifian et al., 2017b), such a classification in western, central and

eastern sites was used in further analyses.
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Figure 1. Location and climatology of the 42 rear-edge forests. Circles and triangles
correspond to broadleaf deciduous (beech and sessile oak) and conifer forests (fir, Scots pine
and spruce), respectively. Species are identified with a colour scale. Symbols are
superimposed to the mean summer (June, July and August) temperature in °C (top left panel)
and precipitation in mm/day (bottom left panel) for the period 1950-2012 derived from E-
OBS. Mean summer temperature (top right panel) and mean daily precipitation (bottom right

panel) per site and species are shown with a colour scale according to the geographical
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location (C: central, E: eastern, W: western sites, see methods). Black dots correspond to the

species’ mean value.

The local climatology of the sampled sites revealed similar summer temperature ranges and
means for beech, sessile oak and Scots pine sites (Fig. 1 and Table S1 for detailed values).
Similarly, differences in mean summer precipitation were not large, although the ranges did
differ, with Scots pine occurring under a narrower precipitation range compared to beech and
sessile oak (0.8-1.8 mm/day for Scots pine, 0.4-2.8 for beech, and 0.3-3.7 for sessile oak).
Spruce sites displayed the coolest mean summer temperature (15.3 °C) followed by fir (17.5 °C),
with mean summer precipitation being similar among the two species (2.1 and 2.0 mm/day for
spruce and fir, respectively) although the range displayed by spruce (1.6-2.8 mm/day) was
narrower than the one of fir (0.9-4.3 mm/day). The coolest summers corresponded to fir and
spruce sites growing in central and eastern Mediterranean Basin, whereas the wettest sites

correspond to one fir and one sessile oak site located in the central Mediterranean Basin.

The marginality of the sampled sites was characterized by (i) the site climatic marginality index
(Mar) understood as the distance of a given site to the species niche edge and (ii) the probability
that climate change impact exceeds the species niche borders in 2070-2100 (elmp) based on
1000 model runs and 63 climate projections following Mellert et al. (2015) (Table S1). Mar
index is based on climate variables such as temperature of the coldest month and mean
temperature and sum of precipitation of the warmest three successive months. Large Mar
negative values indicate non-marginal position while closer to zero or positive values indicate
an outlying niche position (the larger value, the more marginal site is). Mar does not distinguish
between the rear or leading edge, however, elmp indicates the risk of whether climate warming
will put a site outside a species niche in future. elmp values above 0.5 indicate >50% probability
that the climatic conditions at a site will exceed the species niche borders in future. Sites are
considered marginal when Mar and elmp are above -0.5 and 0.5, respectively (Mellert et al.,

2015).
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In each of the 42 sites sampled, we selected 20 dominant or isolated trees of adult age classes
(i.e., older than 80 years except for sites Omic and Pter, where the minimum age was 65) and
extracted two cores per tree with an increment borer. Diameter at breast height (DBH) and
height were measured for every tree. Samples were visually cross-dated, tree-ring width series
were measured using a Lintab measuring table (Rinntech, Heidelberg, Germany) and processed
according to standard dendrochronological procedures described in Cook & Kairiukstis (1990).
Individual tree-ring width series were converted to Basal Area Increments (BAI) to avoid age-
related trends in non-juvenile ring-width measurements (Biondi & Qaedan, 2008). Site
chronologies were built by averaging all individual measurements of the same site. The
statistical quality of each chronology was checked using the Expressed Population Signal,
which is an estimate of the degree to which the set of samples represents the hypothetical
perfect chronology. (EPS; Wigley et al., 1984). A threshold value of EPS>0.85 was considered

reliable.

Statistical analysis

The common period to all BAI chronologies (1950-2012) was used for further analyses (see
Fig. S2). Growth trends were characterized per site by the slope of a linear regression between

BAI and year for the common period 1950-2012.

In order to quantify the tolerance of each tree species to disturbances (i.e., low-growth periods
induced by stressful climatic and/or non-climatic episodes as defined by Lloret et al., 2011),
three tolerance indices were calculated at each site: resistance (RT), resilience (RS) and
recovery (RC). RT measures the growth reduction induced by disturbances; RS the ability of
attaining the same level of growth prior to the negative impact three years after it occurred, and
RC the ability to recover from the impact three years after. Negative event years were identified
in the individual BAI chronologies at each site following a similar methodology to that used in
previous studies (e.g., Cavin & Jump, 2016). Specifically, annual BAI series for each individual
tree were transformed into Cropper values and normalized to have a mean of zero and standard

deviation of one, prior to extracting the extreme values according to the thresholds described in

10



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

Neuwirth et al. (2007). Only negative event years affecting more than 50% of the individual
trees were considered for further analyses (see Table S2) and consecutive event years were
excluded. Three sites did not display negative event years fulfilling those requirements.
Tolerance indices to extreme events within three years were calculated per event year following
the formulas in Lloret et al. (2011) and a mean value of RT, RS and RC was calculated per
species and geographical location. The differences in tolerance to disturbances among species
and geographical locations (central, eastern and western sites) were evaluated using the
Kruskal-Wallis test and the Nemenyi-test for the pairwise comparisons. A non-parametric test

was chosen since the data was not normally distributed in most cases.

To assess the influence of climate on forest growth, a homogenized gridded daily dataset of
climate variables over Europe (E-OBS, Haylock et al., 2008) was used as input climate data,
due to the lack of station data nearby some of the sampling sites, particularly of Eastern Europe.
E-OBS is a publicly available climate dataset at a very high spatial resolution and, although
underestimation of some extremes events (particularly precipitation) has been described in areas
with low-station density, it reasonably reproduces interannual variations and trends (Hofstra et
al., 2009, 2010). Mean monthly temperature and mean daily precipitation were downloaded for
the 0.25°x0.25° grid-cell surrounding every sampled site. Seasonal means for precipitation and
temperature were calculated as follows: winter (December, January, and February), spring
(March, April and May), summer (June, July, and August) and autumn (September, October and
November). In order to assess the main climatic drivers of tree growth at regional scales,
Principal Component Analysis (PCA) was applied to extract the main modes of variability from
the set of site BAI chronologies (mm? year?) as well as the seasonal precipitation (mm day™?)
and temperature series (°C). The association between the scores of the principal components
(PCs) extracted from the set of BAI chronologies and the sets of seasonal meteorological
variables (precipitation and temperature) was studied using Pearson’s correlations. Furthermore,
the scores of the principal components were used to assess the relationships between the

precipitation and temperature and atmospheric circulation patterns by correlating the PCs with

11
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the sea level pressure field. In this case, we used the seasonal 850mb geopotential height field
from NCEP/NCAR (Kalnay et al., 1996). NCEP/NCAR is reanalysis data covering the period

1948 to the present which combines observations and data assimilation.

The Generalized Linear Mixed-Effects Model (GLMM) approach was chosen to fit growth
models since our non-independent BAI chronologies dataset better approximated a Gamma
distribution (Gea-lzquierdo & Canellas, 2009). One global GLMM was developed including all
five tree species where different combinations of fixed and random factors were tested. As fixed
effects we considered climate variables in anomalies (seasons identified as regional drivers of
forest growth in the PCA), continuous tree variables such as diameter at breast height and
maximum tree height as well as categorical variables such as the tree species. Since the effect of
temperature and precipitation on growth might be different for different locations and/or tree
species, we tested two random intercepts aiming at characterizing idiosyncratic variation in site
response to climate linked to (i) geographical position (using the values of longitude for the 42
sites) and (ii) tree species. Starting from a saturated GLMM model, we created the fully crossed
set of models including the different random and fixed effects and considering interactions
among variables. Model selection was conducted based on ANOVA including AIC (Akaike
Information Criterion) with lower AIC values indicating a model’s higher explanatory power.
The significant contribution of the random effects included in the selected GLMM was
confirmed using Likelihood Ratio Tests. Collinearity among predictors was checked by the
Kappa criterion and the Variance Inflation Factor (VIF; Zuur et al., 2010). The predictive skills
of the selected model were evaluated by the leave-one-out cross-validation and model quality
was checked by inspecting residual patterns and looking for signals of heteroscedasticity (Zuur

etal., 2009).

The selected multispecies GLMM was used to estimate growth at the 42 sites under contrasting
climate change scenarios. For the forest-growth projections run along the 21% century (i.e.,
2013-2100), we used the temperature and precipitation output of global climate model (GCMs)

simulations generated by the Coupled Model Intercomparison Project Phase 5, included in the
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last Intergovernmental Panel on Climate Change report (IPCC, 2014). Two contrasting
representative CO; concentration pathways (RCP; van Vuuren et al., 2011) were considered: the
mitigation scenario RCP2.6, in which the concentration of CO. reaches its maximum before
2050 and then declines, aiming at keeping temperatures likely below 2°C above pre-industrial
levels; and the RCP8.5, that considers a high emissions scenario with CO, concentrations
linearly increasing till 2100 and projections of an increase in global temperatures between 2.6
and 4.8 °C in 2100. The mean of 32 and 29 global climate models was used in the RCP2.6 and

RCP8.5, respectively.

These GCMs simulations were used to 1) test the skills of the GCMs in reproducing the fine-
scale climate variations in the Mediterranean Basin during the calibration period 1950-2012 by
comparing simulated and instrumental climate patterns; and 2) as input climate data for the

2013-2100 forest-growth projections using the developed GLMM.

All analyses were done using R software version 3.2.3 (R Core Team, 2015) and packages dpIR
(Bunn, 2008), psych (Revelle, 2017), forecast (Hyndman & Khandakar, 2008), PMCMR
(Pohlert, 2014), Ime4 (Bates & Maechler, 2009), MASS (Venables & Ripley, 2002), MuMIn

(Barton, 2011), and mlmRev (Bates et al., 2014).

Results

Tree growth and climatic marginality

Marginality indices evidenced that most of the sites sampled are not only geographically
marginal (Fig. S1), but also climatically marginal (Fig. 2 and Table S1). According to Mar, 27
out of 42 stands are outside the species niche borders or situated close to the niche edge (Mar >
-0.5), 11 sites are in intermediate niche positions (Mar between -2 and -0.5) and only 4 sites are
in central niche position (Mar <-2). However, only two forests (one fir and oak forest) displayed
elmp values below 0.5, denoting that climatic conditions at 40 out of the 42 forests under study
will likely exceed the species’ tolerance limit in future. The probability of exceeding the species

niche borders in future is asymptotically linked to the current climatic marginality of the site
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(Fig. S3) a Mar value above -1 triggers the chances of exceeding the species’ tolerance limit in
future to more than 80%. Furthermore, the climatic marginality of the site was significantly
linked (p <0.05) to the slope of the growth trend: increasing growth was related to lower site

marginality (Fig. 2b), whereas no significant relationship was found with elmp (Fig. 2c).

Most of the populations showing significant increasing growth in the centre of the
Mediterranean Basin are high-elevation conifers growing in the alpine region (north of the
Italian Peninsula) under moister and/or cooler climate (Fig. 2a; Table S1). Similarly, the
broadleaf deciduous forests displaying significant increasing growth were low-elevation forests
in eastern Mediterranean, mainly of sessile oak, growing under more favourable climate
conditions. Generally, beech and medium-elevation conifers such as Scots pine displayed the
lowest amount of significant increasing trends and even severe growth reductions at some sites,
particularly for Scots pine. This is in line with the higher proportion of climatically marginal
sites for Scots pine (6 out of 7; STable 1). Conversely, the largest growth increase corresponded
mainly to sessile oak, fir and spruce forests (Fig. 2a; Stable 1), which are the species displaying
a higher proportion of sites on intermediate and central niche positions. Despite this, we could
not find a clear link between growth trend and summer climate variables or elevation (See SFig.

4)
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Figure 2. Growth trends for the period 1950-2012. a) Map displaying sign and significance of
the growth trend (mm?year™) estimated as the slope of a linear regression between basal area
increment and year for the period 1950-2012. Triangles and circles correspond to conifer and
broadleaf deciduous forests, respectively. Symbols with a black outline correspond to a
significant trend (p<0.05). Bottom graphs show the relationship between growth trend and b)
climatic marginality index Mar and c) probability of exceeding the species tolerance limits in
2070-2100, elmp. Grey and yellow-shaded areas highlight marginal and intermediate niche

position, respectively (Mellert et al., 2015). (*) indicates significance at 0.05
Species tolerance to disturbances

Rear-edge fir and Scots pine populations appeared as the most resistant to disturbances followed
by those of sessile oak, being beech the least resistant species and displaying a significantly
lower resistance capacity than fir (Fig. 3 and STable 3). However, no significant differences
were found in the resilience capacity among species. Beech showed the largest recovery
capacity within three years, whereas Scots pine displayed a significantly lower recovery

capacity compared to beech.

121 204 25+

a b ab ab ab

10

s

06

a ab ab b ab

o
RC tolerance index
o )
o

RS tolerance index
P

RT tolerance index

L{iiié

Beech Fir Oak Pine Spruce Beech Fir Oak Pine Spruce Beech Fir Oak Pine Spruce
Species Species Species
2 204 25
x x x
[} 1) [}
L2504
2107 y S 20 —3— | Sp
8 2 § § E Eeech
c = = 154 ir
8 06 s | & —§ g & Onk
° S10- ° i 3 Pine
° 2 = - Spruce
= [} v 010
14 064 14 z 14
ab a b
051 0.5
w [0 E W c E w [ E
Geographical location Geographical location Geographical location

Figure 3. Individual values, mean and standard deviation of tolerance indices resistance

(RT), resilience (RS) and recovery (RC) per species (upper panels) and geographical position
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(lower panels). Color indicates geographical position and tree species in the upper and lower
panels, respectively. Different letters indicate significant differences (p<0.01) among groups

according to the Kruskal-Wallis test and post-hoc Nemenyi-test for pairwise-comparison.

We also observed some geographical differences in RT, RS and RC according to the forest
geographical location in the Mediterranean Basin (Fig. 3), however only the difference in the
recovery capacity between central and eastern populations was significant (p<0.01). Central
populations were slightly more resistant to disturbances (although the difference respect to
western and eastern populations was non-significant) at the expense of a significantly

diminished recovery capacity compared to eastern populations.
Modelling forest growth for the multi-species network

The PCA run with the 42 BAI chronologies revealed that the first three PCs explain 49% of the
total tree growth variability (22%, 17% and 10%, respectively) and evidenced that spring and

particularly summer climate were the main drivers of tree growth at regional scale (Figure 4).
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Figure 4. Correlations of the first, second and third tree growth PC scores (left, middle and
right panel, respectively) with the PC scores derived from the analysis with spring and
summer temperature and precipitation. Upper panels (a, d, g) display the full-time series and
the corresponding correlations. Middle (b, e, h) and lower (c, f, j) panels display low and

high-pass filtered series and the corresponding correlation values, respectively. Series are
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filtered with a centered 10-years moving average. suT: summer temperature; suP: summer
precipitation; spP: spring precipitation. suT_PC1 in the middle panel is inverted for a better

visualization. * and ** indicate significance at p<0.05 and p<0.01, respectively.

The correlation between the scores (time series) of PCs derived from the observed seasonal
temperature and precipitation records and the BAI chronologies disclosed significant
relationships between BAI and summer temperature (Fig. 4a-c) and summer and spring
precipitation records (Fig 4d-f and 4g-j) on different frequency domains. Correlations of growth
PCs with temperature PCs are generally negative whereas with precipitation PCs are positive,
denoting opposite influences of climate variables on tree growth. Except for correlations
between the PC1 of BAI and the first two PCs derived from summer temperature (Fig. 4a-c),
the relationships among variables are steady across different frequency domains (i.e., correlation
with low- and high-pass filtered series), evidencing consistent climatic influence on interannual

and long-term tree growth.

The result of the PCA identified summer temperature and precipitation as the most relevant
climate predictors of forest growth. The comparison among different GLMM with different
combinations of fixed effects (summer temperature and precipitation, spring temperature and
precipitation, DBH, height and tree species) and random effects, revealed that the model
considering DBH and spring and summer climate as predictors and accounting for the variation
in site responses to climate linked to geographical position, displayed the lowest AIC value. The
same model with the interaction species and climate as fixed effects or accounting for the
variation in site responses to climate linked to tree species, displayed higher AIC values (see
STable 4). Even when considering partial random effects, (i.e., variation in response to summer
precipitation or summer temperature separately), the random effect species-climate always

displayed higher AIC than the random effect site-climate (STable 5).

The results of the selected global GLMM disclosed that tree growth (BAI) at the study sites
depended on the size of trees (as estimated by DBH) and was mainly controlled by summer

temperature and precipitation and, to a lesser extent, by spring temperature and precipitation
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(Table 1). Standard tests revealed negligible collinearity among predictors (VIF=1.03;
Kappa=7.6) and non-overdispersed data. By-site random effect of suT and suP (STable 6)
explained 12% of the total variance explained by the model. The relatively lower amount of
variance explained by random effects occurred because most variation due to suT and suP was
already explained by the fixed effects (88%). Despite this, the contribution of the random effects

to the GLMM was highly significant (p<0.0001).

Fixed effects Estimate Std. Error t-value p-value
suT -80.659 9.874 -8.19 <0.001
suP 96.026 7.687 12.49 <0.001
spP 34.767 6.183 5.62 <0.001
spT 23.906 6.672 3.58 <0.001
DBH 43.885 1.901 23.09 <0.001

Table 1. Parameters for fixed effects in the selected generalized linear mixed effects model
(GLMM) using BAI (mm? year™) of the 42 sampled sites as dependent variable for the period
1950-2012. The influence of other tested fixed and random parameters can be found in Stable
4. suT: summer temperature; suP: summer precipitation; spP: spring temperature; spT:
spring temperature; DBH: diameter at the breast height. Values for the random effects can be

found in Table S6.

The negative effect of summer temperature (suT), revealed the general reverse effect of suT on
tree growth (p<0.001). Conversely, summer and spring precipitation (suP and spP, respectively)
displayed a positive effect (p<0.001) as well as spring temperature (spT). Other allometric
variables such as mean tree height or categorical variables such as tree species did not
significantly improve the model (STable 4). Thus, tree growth was mainly impaired by summer
climate and growth rates were related to tree size (i.e., larger trees displayed higher growth
rates) but independent of tree species within our network. The coefficient of by-site effect of
suT revealed that summer temperature had a different influence depending on the site, whereas
the by-site effect of suP showed a homogeneous positive effect across sites (STable 7). This is
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connected to the local climatology: sites with lower mean suT usually displayed positive
coefficients, whereas all sites showed positive coefficients for suP regardless of the local

amount of summer rainfall (SFig. 5).

Projections of forest growth under different emission scenarios

The predictive skill of the selected model (r=0.83; R?y=0.70) pointed to an overall good model
performance with no significant differences in the predictive ability across species and

geographical location (SFig. 6).

Projections under the mitigation scenario RCP 2.6 mostly revealed non-significant growth
trends from 2013 to 2100, with few exceptions (Fig. 5). Among the significant growth trends,
increasing growth was detected in conifer species (i.e., fir and spruce) located at mountain areas
in the centre of the Mediterranean Basin, in the Italian Peninsula, although few broadleaf forests
in the centre and eastern of the Basin also displayed increasing growth trends. This seems to be
connected to forest vitality since forests displaying increasing growth under RCP2.6 usually
showed increasing growth during the period 1982-2012 and lower Mar values (SFig. 7).
Similarly, significant growth reductions were only projected for some beech and Scots pine
forests in line with the decreasing growth trend usually displayed by these forests and linked to
a larger proportion of marginal sites, particularly for Scots pine. Conversely, growth projections
under the high emissions scenario RCP8.5 revealed a generalized significant growth reduction
across the Mediterranean Basin by 2100, regardless of the species and geographical location,
being the growth reduction particularly severe in the eastern Mediterranean. Still, few
significant increasing growth trends were projected for some fir forests located in the central

Mediterranean Basin.

19



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

501RcP 2.6 N L
/®) < A
—~ A éo o Geo.loc
= 45 A % o g ¢
o i o E
~ slope @
- O D) La (. . w
© 40 (mm 2year -1)
) 15 A @ A
35 T . y : 1 10 beech fir oak pine spruce
-10 0 10 20 30 3 Species
509RcP 8.5 _?o -
= ol @ £
= Al Qo C% - -15 o e Geo.loc.
£ A0 O
5 401 0 e
f} P2y
354 T T T I T beéch fir oak pl;aespruce
-10 0 10 20 30 Species
lon (°E)

Figure 5. Projected growth trends between 2012 and 2100 under the RCP2.6 (upper panel)
and RCP8.5 (lower panel) scenarios. Growth trends were estimated as the slopes of the linear
regressions between basal area increment and year. Right panels display the slope of the
growth trends per species. Triangles and circles correspond to conifer and broadleaf
deciduous forests, respectively. Symbols with a black line correspond to significant trends

(p<0.05).

Broad-scale drivers of forest growth: teleconnections

The PCA revealed geographical patterns of tree growth across the Mediterranean Basin, being
particularly relevant the east-west polarity encapsulated in PC3 with neutral to positive
correlations in the eastern Mediterranean and neutral to negative correlation in central and
western Mediterranean. (SFig. 8). The analysis of the relationship between the PC scores
derived from climate variables and the field of geopotential height, helped elucidating whether
those geographical patterns of tree growth are related to atmospheric circulation patterns as

described in previous studies (e.g., Chen et al., 2015; Dorado-Lifian et al., 2017b; Seim et al.,
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2014). The correlation between PC1 derived from the summer temperature and summer
precipitation and the field of 850mb geopotential height revealed similar atmospheric
circulation patterns (Fig. 6 a,b). The mode of cyclonic circulation described by the two patterns
was centred over the Ligurian Sea, close to the French and Italian coasts, and a second centre
over the eastern Mediterranean. This pattern was linked to higher precipitation and lower
temperatures in the centre of action and decreasing influence towards the western Mediterranean
Basin. The correlation between the geopotential height pattern and PC2 related to summer
precipitation (Fig. 6c¢) represented cyclonic circulation centred in the eastern half of the Basin

and linked to higher summer precipitation and lower summer temperatures in this region.

Concerning simulated summer climate data by GCMs, the synoptical patterns described by the
simulated temperature data for the period 1950-2012 under RCP 2.6 and RCP 8.5 (Fig. 6d, g,
respectively) depicted some similarities with the observational pattern (Fig. 6a). Conversely,
the pattern described by the simulated precipitation data considerably differed from that
described by the observational data: the PC1 of simulated summer precipitation displayed a
centre of action displaced towards the east (Fig. 6e, h, for RCP 2.6 and 8.5, respectively),
whereas the PC2 did not show the east-west polarity across the Mediterranean Basin depicted
by the PC2 of the E-OBS data (Fig. 6f, j, for RCP 2.6 and 8.5, respectively). The differences in
the dynamical patterns between observed and modelled climate translated into different

temperature and precipitation distribution patterns across the Mediterranean Basin (Fig. 7).
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Figure 6. Spatial patterns of correlations of PCs derived from observational and simulated
climate data with the field of summer 850mb geopotential height (NCEP/NCAR) for the
period 1950-2012. Correlation field of the first PC derived from E-OBS observational
summer temperature (a) and first and second PCs derived from observational summer
precipitation data (b, c, respectively). The corresponding spatial patterns for simulated
summer temperature and precipitation data are given for emission scenarios RCP 2.6 (d, e, f,

respectively) and RCP 8.5 (g, h, j, respectively).
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Figure 7. Spatial patterns of observed and simulated summer climate data. Upper panel
displays the correlations of the individual summer temperature series with the first, second
and third PC (upper, middle and lower map, respectively) using observational (E-OBS) and
modelled (RCP2.6 and RCP8.5) climate data for the period 1950-2012. Bottom panels display
the same analysis for summer precipitation. The percentage of explained variance by each

component is shown in the corresponding map.

The observed mean summer temperature data (i.e., E-OBS) showed geographical differences
across the Mediterranean Basin not reproduced by the simulated temperature data under RCP
2.6 and 8.5 scenarios (Fig. 7). Furthermore, 97% and 98% of summer temperature variability is
confined in PC1 in simulations under RCP2.6 and RCP8.5, respectively, whereas the
observational data displayed a 68% of summer temperature variability explained by PC1 and
larger contributions of PC2 and PC3 (18% and 5% of variability, respectively). Conversely,
summer precipitation displayed similar contributions in variability of observational and

simulated climate data and similar geographical patterns for PC1 and PC2. The only relevant
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difference was observed in the geographical pattern of PC3, in which simulated summer
precipitation under RCP 2.6 and 8.5 scenarios described a different gradient across the

Mediterranean Basin to that showed by the observation data.

Discussion

Summer climate constrains tree growth across species and sites at the rear-edge

Rear-edge beech and Scots pine forests displayed a higher proportion of declining growth trends
than the rest of species. However, we also found some forests displaying significant increasing
growth trends during the last decades, which is not unprecedented at the rear edge (Di Filippo et
al., 2007; Galvan et al., 2014; Gazol et al., 2015; Matias et al., 2017). In our particular case,
most of the positive growth trends were located in the centre and east of the Mediterranean
Basin and linked to sites under cooler and moister climate conditions and lower marginality
indices (i.e., less-climatically marginal). It should also be taken into consideration that current
low-altitudinal limits of species’ distribution might be located above the natural altitudinal
limits (i.e., cooler temperature and higher precipitation) and therefore, less climatically
constrained since past land use and silvicultural activities have altered natural species
distribution (Colombaroli et al., 2013; Tilman & Lehman, 2001; Silva et al., 2012). Indeed,
historical changes in forests’ distribution and composition in central Italy were strongly driven
by human socio-political decisions, having severe impacts on meso-hygrophilous forest types
(Mensing et al., 2018; Piovesan et al., 2018). Thus, a priori geographically marginal
populations might not be climatically marginal, as demonstrated by the marginality index Mar,
due to either particularities on local climatology and/or alteration of the species’ natural
distribution limits. In this sense, Mar, has proven to be a better indicator explaining growth
trends than summer climate variables, most likely because it integrates a more complete climate

picture and considers different warm seasons for different sites.

Despite the presence of positive growth trends, our results show that tree growth of temperate

and boreal species at the rear-edge in the Mediterranean Basin has generally not increased in
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recent decades and growth trends are not only linked to climate. Indeed, the comparison of time
series derived from PCA, revealed that long-term growth trends confined in PC1 might not only
be a function of climate, but could also be the result of additional global or local factors such as

CO;, fertilization, nitrogen deposition, and changes in forest structure (Zhu et al., 2016).

Previous studies reporting broad-scale declining growth patterns in the peri-Mediterranean
region usually describe a generalized positive influence of summer precipitation on tree growth
and a less homogeneous negative influence of summer temperature, pointing to generalized
seasonal water limitation (e.g., Cavin & Jump 2016; Dorado-Lifidn et al., 2017b; Gazol et al.,
2015; Hacket-Pain et al., 2016; Jung et al., 2017; Matias et al., 2017; Sanchez-Salguero et al.,
2015). We also found a more generalized positive effect of summer precipitation than negative
effects of summer temperature across sites. Few forests (mainly conifer forests) did not show a
negative influence of summer temperature on growth, most likely because they were not as
climatically restricted as other rear-edge forests (Gazol et al., 2015; Seim et al., 2014). In fact,
and according to the local climate conditions, fir and spruce sites were on average cooler than

those of beech, sessile oak and Scots pine.

Several studies have described a determinant influence of winter and early spring temperatures
on distribution and growth of both conifers (Gea-lzquierdo et al., 2015; Matias et al., 2017;
Sanchez-Salguero et al., 2015) and broadleaf deciduous species (Gea-lzquierdo & Cafiellas,
2014; Vitasse et al., 2011; 2014) close to the rear-edge. We did find a significant influence of
spring climate on growth in our multispecies forests network. However, winter temperature was
not a relevant variable in our model, likely because the risk of freezing damage usually
associated to low temperatures during the cold season (Larcher, 2005) was not generalized

across the rear-edge forests under study.
The role of disturbances: resistance-recovery trade-off
All species displayed comparable resilience capacity (i.e., no significant statistical differences

were found among species) and, although most of pair-comparisons revealed non-significant
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differences, fir displayed a higher resilience and resistance capacity than the rest of species, in
agreement with previous studies (Elling et al., 2009; Vitali et al., 2017; Zang et al., 2014). Some
recent studies pointed out that functional diversity in fir forests may mitigate the negative
effects of extreme droughts (Gazol & Camarero, 2016) while others reported that growth
reductions in rear-edge conifers forests are more linked to site characteristics (climate and
density, e.g. basal area) than tree species (Serra-Maluquer et al., 2018). Notably, fir and spruce
sites were on average cooler and wetter during summer than beech, sessile oak and Scots pine
sites, and these more favourable conditions during summer could have buffered the
vulnerability of those forests to climate-induced disturbances. Due to the selected experimental
design, genetically isolated populations such as those of fir from Southern Italy and the
Pyrenees were not considered in the present study. Including these or other genetically isolated
populations would help to further understand species-specific responses to climatic extremes in

future analyses.

The few significant species-specific differences in tolerance indices found evidenced a trade-off
between resistance and recovery capacity, as hypothesised by Lloret et al. (2011), and later
reported in studies analysing growth resilience across Northern Hemisphere forests (Gazol et al.
2017). Indeed, different tolerance patterns among species have been described across regions
and biomes (Gazol et al., 2017, 2018). In our study, beech forests displayed a significantly
lower resistance but the highest recovery capacity, consistent with leaf physiological studies
(Pflug et al., 2018); whereas Scots pine showed a resistance capacity almost as high as that of fir
at the expense of a significantly lower recovery capacity. Such a persistence-productivity trade-
off has been described by similar studies at the species range core as well as at the rear edge
(Cavin & Jump, 2016; Galiano et al., 2011; Martinez-Vilalta et al., 2012; Zang et al., 2014). At
the tree physiological level, trade-offs are caused by allocation of limited resources to one
purpose vs. another (Reich, 2014), though the underlying mechanisms are difficult to
disentangle. In the specific case of beech, the reduction of growth at an early stage of a

disturbance (i.e., drought) could be either due to a strategical stomatal closure to avoid damages
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(e.g., Aranda et al., 2005), to massive mast seeding that usually synchronizes with drought
events in this species (Hacket-Pain et al., 2015; Piovesan & Adams, 2001; Vacchiano et al.,
2017) or a combination of both. Conversely, the low recovery capacity of Scots pine could be
hypothetically either due to a strict stomatal control that reduces the carbon reserves available
for recovery, or to the repair costs of embolisms as a consequence of keeping high stomatal
conductance under unfavourable conditions (Adams et al., 2017). These two strategies are
opposite, however the coexistence of contradictory ecophysiological strategies within the same
species is not unprecedented: differences in ecophysiological behaviour, xylem adaptation and
tolerance indices across regional scales have been described for the same species or species
belonging to the same functional group (e.g., Frank et al., 2015; Martinez-Sancho et al., 2017;
Zang et al., 2014). For instances, beech is usually described as an anisohydric species under a
genuine temperate climate (Pretzsch et al., 2013) but displays a typical isohydric behaviour
under drier conditions at the southernmost edges of the species distribution (Aranda et al., 2000,
2005). Spruce was not found to be as vulnerable to drought and disturbances as described in
previous studies in the core distribution range (Pretzsch et al., 2013; Zang et al., 2012), maybe
due to a certain ability to adapt along climatic gradients (Zang et al., 2014). The same reason
could apply to fir, which appeared to be more resistant to drought than beech at the core range
(Zang et al., 2014) but not at the range edge in the Mediterranean Basin (Cailleret & Davi,
2011). Therefore, it seems more realistic to consider the hydraulic strategy as a function of
ecotype or acclimation rather than a species-wise determinism. Because of this, the categorical
classification on anisohydric/isohydric species is being debated lately (Klein, 2014; Martinez-
Vilalta & Garcia-Forner, 2017) and the arrangement of tree species in fixed functional types for

modelling exercises has been questioned (Anderegg, 2015).

The described species resistance-recovery trade-off is further underpinned by the higher
resistance of central Mediterranean populations linked to a significantly lower recovery capacity
than that of forests located in the eastern Mediterranean. At the central Mediterranean Basin

several sites are located close to the alpine area (north of the Italian Peninsula) where forests
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grow under a milder climate. As previously hypothesised by Martinez-Vilalta et al. (2012), tree
growth in less dry sites seems to be inherently more vulnerable to drought due to the growth-
recovery allocation trade-off. This might be due to the reduction of the capacity of forests to
respond to drought as the frequency and intensity of extreme droughts increases (Serra-

Maluquer et al., 2018; Schwalm et al., 2017).

Site-specific versus species-specific determinism

Future species distribution in the Mediterranean Basin will depend on their ability to cope with
the long-term changes in climate and their degree of tolerance to disturbances (Gea-lzquierdo et
al., 2017; Reyer et al., 2013, 2015). Some broad-scale simulations on future changes in tree
species distribution predict a general increase in conifer forests at the expense of broadleaf
forests in the Mediterranean Basin (Keenan et al., 2011; Linder et al., 2014), although local
studies contradict those projections (Galiano et al., 2010; Rigling et al., 2013). Our results did
not show such clear differences among functional groups neither in the correlations with
climate, nor in vulnerability to disturbances or the model projections of future species
performance. In turn, the results of the GLMM underlined the higher growth capacity of larger
trees, confirming that in Mediterranean rear-edge forests the rate of carbon accumulation may
increase continuously with tree size (Stephenson et al., 2014). Although our modelling approach
is not based on explicit ecophysiological mechanisms (e.g., Gea-lzquierdo et al., 2017) and
entails evident limitations inherent to the usage of statistical models and sampling only
dominant trees, it is sufficient to illustrate that the two species displaying significant declining
growth trends under the mitigation scenario RCP2.6, beech and Scots pine, belong to different
functional groups. These two species were in general the two tree species growing under more
limiting climatic conditions, experiencing growth reductions and displaying the highest
vulnerability to disturbances. Under the RCP2.6 scenario, the expected increase in temperature

is not dramatic and most of the forests did not show significant changes in growth trends. In
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turn, under the RCP8.5, most forests displayed declining growth trends concurrent with the

dramatic increase in summer temperature forecasted under this scenario.

Interestingly, geographical differences were found in the tolerance to disturbances (i.e., central
Mediterranean populations displayed a significantly lower recovery capacity than eastern
populations) alongside with trends in tree growth (i.e., more positive growth trends in the
central and eastern than western Mediterranean Basin, concurrent with less limiting climate
conditions) and geographical gradients in climate sensitivity. Such spatial heterogeneity in
climate is supported by the instrumental meteorological data (Fig. 7; Barkhordarian et al., 2013)
and by ecological evidence (Chen et al., 2015; Dorado-Lifian et al., 2017b; Seim et al., 2014)
and linked to the influence of atmospheric circulation patterns on summer climate (Dorado-
Lifidn et al., 2017b; Xoplaki et al., 2003). Despite this, the Mediterranean Basin is usually
modelled as a rather homogeneous domain and the climate modelling exercises for the region
predict a homogeneous decrease in summer precipitation and increase in aridity (e.g., Gao &

Giorgi, 2008; Giorgi & Lionello, 2008).

Our results revealed the determinant influence of two atmospheric circulation patterns on the
observed regional differences in forest growth and susceptibility to disturbances: (1) the PC1
synoptic pattern, centred over the Italian peninsula and linked to higher precipitation and lower
temperatures in that area (Fig. 6a,b; Xoplaki et al., 2003); and (2) the geopotential height
pattern described by the PC2 of summer precipitation (Fig. 6¢) that represents cyclonic
circulation centred in the eastern half of the Basin and linked to higher summer precipitation in
the eastern Mediterranean. Such a synoptic pattern has been associated to a high summer NAO
(SNAO; Folland et al., 2009), a relevant contributor to the geographical differences in summer
precipitation amounts across the Mediterranean Basin during the last decades (Bladé et al.,

2012).

Despite their relevant contribution to summer climate, the dynamical atmospheric circulation
pattern underlying the modelled changes in temperature and precipitation under RCP2.6 and

RCP8.5 did not reproduce those described by the observational data, particularly for the
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precipitation patterns (Fig. 6e-j). Such discrepancy is severe, as future tree growth will largely
depend on the precipitation amounts during summer, as shown by the homogeneous positive
effect of summer precipitation on tree growth across the Mediterranean. Indeed, the unprecise
representation of atmospheric circulation might be one of the reasons for the more severe
growth reduction projected for eastern Mediterranean since in this area SNAO exerts a
dominant influence on summer precipitation (Bladé et al., 2012). Precipitation projections suffer
from large uncertainties partly due to the poor representation of dynamical mechanisms and the
difficulties to correctly parametrize the internal variability of the climate system in GCMs (van
Haren et al., 2013a, b). Furthermore, variations in patterns such as NAO, poorly represented in
the simulated climate data as shown in Fig 6 f, j, are linked to other Earth subsystems such as
the North Atlantic Jet (NAJ; Trouet et al., 2018); the Sahara/Sahel and West African Monsoon
(WAM; Bader & Latif, 2003) and the El Nifio-Southern Oscillation (ENSO; Kalimeris et al.,
2017). Those systems may shift with increased anthropogenic forcing (Barnes & Polvani, 2013)
and pass critical states in intensity and location, leading to large-scale impacts on human and
ecological systems (so-called tipping elements; Lenton et al., 2008; see Schwalm et al., 2017 for
a worldwide study). Thus, changes in NAJ, WAN and ENSO may promote profound changes in

the state of the NAO and, hence, in the precipitation over the Mediterranean region.

Although the poor representation of dynamical mechanisms in GCMs is still a relevant issue,
recent studies relying on more accurate representations of fine-scale circulation patterns have
shown improved predictive skills (van Haren et al., 2015; Ozturk et al., 2015). An accurate
representation of regional climatology seems to be determinant component shaping future tree
growth in the Mediterranean Basin and, therefore, an essential element in forest modelling
exercises. On the other hand, the classification of species in plant functional groups for
modelling should take into consideration the intra-species differences in ecophysiological
strategies across the distribution range, no matter if they are due to adaptations on genotype,
phenotype or hydraulic strategy, and likely to move towards a classification based on site-

induced adaptations instead of using biological-determinism principles.

30



705

706

707

708

709

710

711

712

713

714
715
716
717
718

719
720
721

722
723
724

725
726

727
728
729

730
731
732

733
734
735

736
737
738

739
740

Acknowledgements

This research was funded by the project MARGINS (Bavarian State Forest Authority), IDDEC-
Water03 (IGSSE-TUM) and BOSSANOVA (S2013/MAE-2760). IDL has received financial
support through the Junior Leader Postdoctoral Fellowship Programme from La Caixa Banking
Foundation. GGI was partly funded by the Spanish Ministry of Economy and Competitiveness
through project AGL 2014-61175-JIN and RyC-2014-15864. AM and CZ acknowledge
additional funding from European Research Council (FP7/2007-2013)/ERC grant agreement no.

282250. We are grateful to the local institutions for providing sampling permissions.

References

Adams, H.D., Zeppel, M.J.B., Anderegg, W.R.L., Hartmann, H., Landhausser, S.M., Tissue,
D.T., ... & McDowell, N.G. (2017). A multi-species synthesis of physiological mechanisms in
droughtinduced tree mortality. Nature Ecology & Evolution, 1, 1285-1291. DOI:
10.1038/541559-017-0248-x.

Aitken, S.N., Yeaman, S., Holliday, J.A., Wang, T. & Curtis-McLane, S. (2008). Adaptation,
migration or extirpation: climate change outcomes for tree populations. Evolutionary
Applications, 1, 95-111.

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M. &
Cobb, N. (2010). A global overview of drought and heat-induced tree mortality reveals
emerging climate change risks for forests. Forest Ecology and Management, 259, 660—684.

Anderegg, W.R.L. (2015). Spatial and temporal variation in plant hydraulic traits and their
relevance for climate change impacts on vegetation. New Phytologist, 205, 1008-1014.

Aranda, I, Gil L. & Pardos, J.A. (2000). Water relations and gas exchange in Fagus sylvatica L.
and Quercus petraea (Mattuschka) Liebl. in a mixed stand at their southern limit of distribution
in Europe. Trees-Structure and Function, 14, 344-352.

Aranda, 1., Gil, L. & Pardos, J.A. (2005). Seasonal changes in apparent hydraulic conductance
and their implications for water use of European beech (Fagus sylvatica L.) and sessile oak
[Quercus petraea (Matt.) Liebl] in South Europe. Plant Ecology, 179, 155-167.

Bader, J. & Latif, M. (2003). The impact of decadal-scale Indian Ocean sea surface temperature
anomalies on Sahelian rainfall and the North Atlantic Oscillation, Geophysical Research
Letters, 30(22), 2169.

Barkhordarian, A., Storch, H. & Bhend, J. (2013). The expectation of future precipitation
change over the Mediterranean region is different from what we observe. Climate Dynamics, 40,
225-244.

Barnes, E. A., & Polvani, L. (2013). Response of the midlatitude jets, and of their variability, to
increased greenhouse gases in the CMIP5 models. Journal of Climate, 26, 7117-7135.

31



741

742

743
744

745
746
747

748
749

750
751
752

753
754
755

756
757

758
759

760
761
762

763
764
765

766
767
768

769
770

771
772
773

774
775
776

777
778

779
780

Barton, K., (2011). Package ‘MuMIn’. <http://cran.ms.unimelb.edu.au/>.
Bates, D. & Maechler, M. (2009). Package 'Ime4'. [http://Ime4.r-forge.r-project.org/]

Bates, D., Maechler, M., Bolker, B. & Walker, M.S. (2014). Package: ‘mlmRev’. Examples
from Multilevel Modelling Software Review.

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F. (2012). Impacts of
climate change on the future of biodiversity. Ecology Letters, 15, 5-377. do0i:10.1111/j.1461-
0248.2011.01736.x (doi:10.1111/].1461-0248.2011.01736.X)

Biondi, F. & Qaedan, F. (2008). A theory-driven approach to tree-ring standardization: defining
the biological trend from expected basal area increment. Tree-Ring Research, 64, 81-96.

Blade, 1., Liebmann, B., Fortuny, D. & van Oldenborgh, G.J. (2012). Observed and simulated
impacts of the summer NAO in Europe: implications for projected drying in the Mediterranean
region. Climate Dynamics, 39, 3-4.

Boden, S., Kahle, H.-P., von Wilpert, K. & Spiecker, H. (2014). Resilience of Norway spruce
[Picea abies (L.) Karst] growth to changing climatic conditions in Southwest Germany. Forest
Ecology and Management, 315, 12-21.

Bonan, G.B. (2008). Forests and climate change: Forcings, feedbacks, and the climate benefits
of forests. Science, 320, 1444-1449.

Bunn, A.G. (2008). A dendrochronology program library in R (dpIR). Dendrochronologia,
26(2), 115-124.

Cailleret, M. & Davi, H. (2011). Effects of climate on diameter growth of co-occurring Fagus
sylvatica and Abies alba along an altitudinal gradient. Trees-Structure and Function, 25, 265-
276

Carnicer, J., Barbeta, A., Sperlich, D., Coll, M. & Pefiuelas, J. (2013). Contrasting trait
syndromes in angiosperms and conifers are associated with different responses of tree growth to
temperature on a large scale. Frontiers in Plant Science, 4, 1-19.

Cavin, L. & Jump, A.S. (2016). Highest drought sensitivity and lowest resistance to growth
suppression are found in the range core of the tree Fagus sylvatica L. not the equatorial range
edge. Global Change Biology, 23(1), 362-379. doi: 10.1111/gcb.13366

Chan, D. & Wu, Q. (2015). Significant anthropogenic-induced changes of climate classes since
1950. Nature, 5, 13487.d0i:10.1038/srep13487

Chapin, F.S., Zavaleta E. S., Eviner, V.T., Naylor, R.L., Vitousek, P.M., Reynolds, H.L., ... &
Diaz, S. (2000). Consequences of changing biodiversity. Nature, 405(6783), 234-242. DOI:
10.1038/35012241

Chen, K., Dorado-Lifidn, 1., Akhmetzyanov, L., Gea-lzquierdo, G., Zlatanov, T. & Menzel, A.
(2015). Climate drivers and NAO influence on beech growth at marginal sites across the
Mediterranean. Climate Research, 66, 229-242.

Chen, I.C., Hill, J.K., Ohlemiller, R., Roy, D.B. & Thomas, C.D. (2011). Rapid range shirts of
species associated with high levels of climate warming. Science, 333, 1024-1026.

Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R., ... & Jacobsen, A. L.
(2012). Global convergence in the vulnerability of forests to drought. Nature, 491(7426), 752.

32



781
782
783

784
785
786
787
788
789
790

791
792
793

794
795

796
797
798

799
800
801
802

803
804
805

806
807
808
809

810
811
812

813
814
815
816

817
818

819
820
821

822
823

Clark, J.S., Bell, D.M., Hersh, M.H. & Nichols, L. (2011). Climate change vulnerability of
forest biodiversity: climate and resource tracking of demographic rates. Global Change Biology,
17, 1834-1849.

Collins, M., Knutti, R., Arblaster, J., Dufresne, J.L., Fichefet, T., Friedlingstein, P., ... &
Wehner, M. (2013). Long-term Climate Change: Projections, Commitments and Irreversibility.
In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D.
Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M.
Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA.

Colombaroli, D., Heiri, O., Henne, P. D., Steinacher, M., Untenecker, J., ... & Joos, F. (2013).
The past ecology of Abies alba provides new perspectives on future responses of silver fir
forests to global warming.Ecological Monographs,83(4), 419-439.

Cook, E.R. & Kairiukstis, L.A. (1990). Methods of Dendrochronology: Applications in the
Environmental Sciences. Kluwer Academic Publishers, Dordrecht, The Netherlands

Czlcz, B., Galhidy, L. & Matyas, C. (2011). Present and forecasted xeric climatic limits of
beech and sessile oak distribution at low altitudes in Central Europe. Annals of Forest Science,
68, 99-108. http://dx.doi.org/10.1007/s13595-011-0011-4

Di Filippo, A., Biondi, F., Cufar, K. De Luis, M., Grabner, M., Maugeri, M., ... & Piovesan, G.
(2007). Bioclimatology of beech (Fagus sylvatica L.) in the Eastern Alps: spatial and altitudinal
climatic signals identified through a tree-ring network. Journal of Biogeography, 34 (11), 1873-
1892.

Dorado-Lifan, 1., Cafiellas, 1., Valbuena-Carabafia, M., Gil, L. & Gea-lzquierdo, G. (2017a).
Coexistence in the Mediterranean-Temperate transitional border: multi-century dynamics of a
mixed old-growth forest under global change. Dendrochronologia, 44, 48-57.

Dorado-Lifan, I., Zorita, E., Martinez-Sancho, E., Gea-lzquierdo, G., Di Filippo, A., Gutiérrez,
E., ... & Menzel, A. (2017b). Large-scale atmospheric circulation enhances the Mediterranean
East-West tree growth contrast at rear-edge deciduous forests. Agricultural and Forest
Meteorology, 239, 86-95.

Elling, W., Dittmar, C., Pfaffelmoser, K. & Rétzer, T. (2009). Dendroecological assessment of
the complex causes of decline and recovery of the growth of silver fir (Abies alba Mill.) in
Southern Germany. Forest Ecology and Management, 257,1175-1187.

Falloon, P.D., Dankers, R., Betts, R.A., Jones, C.D., Booth, B.B.B. & Lambert, F.H. (2012).
Role of vegetation change in future climate under the A1B scenario and a climate stabilisation
scenario, using the HadCM3C Earth system model. Biogeosciences, 9, 4739-4756,
d0i:10.5194/bg-9-4739-2012.

Feng, S. & Fu, Q. (2013). Expansion of global drylands under a warming climate. Atmospheric
Chemistry and Physics, 13, 10081-10094.

Folland, C.K., Knight, J., Linderholm, H.W., Fereday, D., Ineson, S. & Hurrell, J.W. (2009).
The Summer North Atlantic Oscillation: Past, Present, and Future. Journal of Climate, 22 (5),
1082-1103.

Fortuny, D. (2015). Climate change and precipitation trends in the northern Mediterranean. PhD
thesis.

33



824
825
826

827
828
829

830
831
832

833
834
835

836
837
838

839
840
841

842
843
844

845
846

847
848
849

850
851
852

853
854

855
856

857
858
859
860

861
862
863

864
865

Frank, D.C., Poulter, B., Saurer, M., Esper, J., Huntingford, C., Helle, G., ... & Weigl, M.
(2015). Water-use efficiency and transpiration across European forests during the
Anthropocene. Nature Climate Change, 5, 579-583.

Galiano, L., Martinez-Vilalta, J. & Lloret, F. (2010). Drought-induced multifactor decline of
Scots pine in the Pyrenees and potential vegetation change by the expansion of co-occurring oak
species. Ecosystems, 13, 978-991. DOI: 10.1007/s10021-010-9368-8.

Galiano, L., Martinez-Vilalta, J. & Lloret, F. (2011). Carbon reserves and canopy defoliation
determine the recovery of Scots pine 4 yr after a drought episode. New Phytologist, 190, 750-
759.

Galvéan, J.D., Camarero, J.J., Ginzler, C. & Buentgen, U. (2014). Spatial diversity of recent
trends in Mediterranean tree growth. Environmental Research Letters, 9, 084001. doi:
10.1088/1748-9326/9/8/084001.

Gao, X., Pal, J.S. & Giorgi, F. (2006). Projected changes in mean and extreme precipitation
over the Mediterranean region from high resolution double nested RCM simulations.
Geophysical Research Letters, 33, L03706.

Gao, X. & Giorgi, F. (2008). Increased aridity in the Mediterranean region under greenhouse
gas forcing estimated from high resolution regional climate projections. Global and Planetary
Change, 62, 195-209.

Gazol, A., Camarero, J.J., Gutiérrez, E. Popa, I., Andreu-Hayles, L., Motta, R., ... & Carrer,
M.(2015). Distinct effects of climate warming on populations of silver fir (Abies alba) across
Europe. Journal of Biogeography, 42, 1150-1162.

Gazol, A. & Camarero, J.J. (2016). Functional diversity enhances silver fir growth resilience to
an extreme drought. Journal of Ecology, 104, 1063-1075.

Gazol, A., Camarero, J. J., Anderegg, W. R. L., & Vicente-Serrano, S. M. (2017). Impacts of
droughts on the growth resilience of Northern Hemisphere forests. Global Ecology
Biogeography, 26, 166-176. https://doi.org/10.1111/geb.12526

Gazol, A., Camarero, J. J., Vicente-Serrano, S. M., Sanchez-Salguero, R., Gutiérrez, E., de Luis,
M., ... & Linares, J. C. (2018). Forest resilience to drought varies across biomes. Global change
biology, 24(5), 2143-2158.

Gea-lzquierdo, G. & Cafiellas, 1. (2009). Analysis of holm oak intraspecific competition using
gamma regression. Forest Science, 55(4), 310-322.

Gea-lzquierdo, G. & Canfellas, I. (2014). Local climate forces instability in long-term
productivity of a Mediterranean oak along climatic gradients. Ecosystems, 17, 228-241.

Gea-lzquierdo, G., Guibal, F., Joffre, R., Ourcival, J. M., Simioni, G. & Guiot, J. (2015).
Modelling the climatic drivers determining photosynthesis and carbon allocation in evergreen
Mediterranean forests using multiproxy long time series, Biogeosciences, 12, 3695-3712,
https://doi.org/10.5194/bg-12-3695-2015.

Gea-lzquierdo, G., Nicault, A., Battipaglia, G., Dorado-Lifan, I., Gutiérrez, E., Ribas, M. &
Guiot, J. (2017). Risky future for Mediterranean forests unless they undergo extreme carbon
fertilization. Global Change Biology, 23 (7), 2915-2927.

Giorgi, F., & P. Lionello (2008). Climate change projections for the Mediterranean region.
Global and Planetary Change, 63, 90-104. doi:10.1016/j.gloplacha.2007.09.005.

34


https://doi.org/10.1111/geb.12526

866
867
868

869
870
871

872
873
874
875

876
877

878
879
880

881
882
883
884
885
886
887

888
889
890

891
892
893

894
895
896

897
898

899
900
901
902
903
904

905
906
907

Gbmez-Aparicio, L., Garcia-Valdés, R., Ruiz-Benito, P. & Zavala, M.A. (2011). Disentangling
the relative importance of climate, size and competition on tree growth in lberian forests:
implications for management under global change. Global Change Biology, 17, 2400-2414.

Hacket-Pain, A.J, Friend A.D., Lageard, J.G.A. & Thomas, P.A. (2015). The influence of
masting phenomenon on growth—climate relationships in trees: explaining the influence of
previous summers’ climate on ring width. Tree Physiology, 35, 319-330.

Hacket-Pain, A.J., Cavin, L., Friend, A.D. & Jump, A.S. (2016). Consistent limitation of growth
by high temperature and low precipitation from range core to southern edge of European beech
indicates widespread vulnerability to changing climate. European Journal of Forest Research,
31 (2), 673-686. doi: 10.1007/s10342-016-0982-7

Hampe, A. & Petit, R.J. (2005). Conserving biodiversity under climate change: the rear edge
matters. Ecology letters, 8, 461-467.

Hanewinkel, M., Cullmann, D. A., Schelhaas, M-J., Nabuurs, G-J. & Zimmermann, N. E.
(2013). Climate change may cause severe loss in the economic value of European forest land.
Nature Climate Change, 3, 203-207.

Hartmann, D.L., Klein Tank, A.M.G., Rusticucci, M., Alexander, L.V., Brénnimann, S.,
Charabi, Y., ... & P.M. Zhai, (2013). Observations: Atmosphere and Surface. In: Climate
Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin,
G.-K.Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M.
Midgley (eds.)]. Cambridge UniversityPress, Cambridge, United Kingdom and New York, NY,
USA.

Haylock, M.R., Hofstra, N., Klein Tank, A.M.G., Klok, E.J., Jones, P.D. & New, M. (2008). A
European daily high-resolution gridded dataset of surface temperature and precipitation. Journal
of Geophysical Research: Atmosphere, 113, D20119.

Hofstra, N., Haylock, M., New, M. & Jones, P.D. (2009). Testing E-OBS European high-
resolution gridded data set of daily precipitation and surface temperature. Journal of
Geophysical Research, 114, D21101

Hofstra, N., New, M. & McSweeney, C. (2010). The influence of interpolation and station
network density on the distributions and trends of climate variables in gridded daily data.
Climate Dynamics, 35 (5), 841-858.

Hyndman, R.J. & Khandakar, Y. (2008). Automatic time series forecasting: the forecast
package for R. Journal of Statistical Software, 26(3), 1-22.

IPCC, 2014: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and
Sectoral Aspects. Contribution of Working Group Il to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach,
M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma,
E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L.White (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 1132 pp

Johnson D.M., Mcculloh K. A., Woodruff D. R. & Meinzer F.C. (2012). Hydraulic safety

margins and embolism reversal in stems and leaves: why are conifers and angiosperms so
different? Plant Science, 195, 48-53. 10.1016/j.plantsci.2012.06.010

35



908
909

910
911
912

913
914
915

916
917
918

919
920
921

922
923
924
925

926
927

928
929
930

931
932

933
934
935

936
937

938
939
940

941
942
943
944

945
946

947
948

Jump, A., Matyas, C. & Pefiuelas, J. (2009). The altitude-for-latitude disparity in the range
retractions of woody species. Trends in Ecology and Evolution, 42(12), 694-701.

Jung, M., Reichstein, M., Schwalm, C. R., Huntingford, C., Sitch, S., Ahlstrom, A.,... & Gans,
F. (2017). Compensatory water effects link yearly global land CO 2 sink changes to
temperature. Nature, 541(7638), 516.

Kalimeris, A., Ranieri, E., Founda, D. & Norrant, C. (2017). Variability modes of precipitation
along a Central Mediterranean area and their relations with ENSO, NAO, and other climatic
patterns. Atmospheric Research, 198, 56-80.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L.,...Joseph, D.
(1996). The NCEP/NCAR 40-year reanalysis project. Bulleting of American Meteorological
Society, 77, 437-470.

Keenan, M., Serra, J.M., Lloret, F., Ninyerola, M., & Sabaté, S., (2011). Predicting the future of
forests in the Mediterranean under climate change, with niche- and process-based models: CO2
matters!. Global Change Biology, 17, 565-579.

Kelley, C., Ting, M., Seager R., & Kushnir, Y. (2012a). The relative contributions of radiative
forcing and internal climate variability to the late 20th century winter drying of the
Mediterranean region. Climate Dynamics, 38(9-10), 2001-2015.d0i:10.1007/s00382-011-1221-
z.

Kelley, C., Ting, M., Seager, R. & Kushnir, Y. (2012b). Mediterranen precipitation climatology,
seasonal cycle, and trend as simulated by CMIP5. Geophysical Research Letters, 39(L21), 703.

Klein, T. (2014). The variability of stomatal sensitivity to leaf water potential across tree species
indicates a continuum between isohydric and anisohydric behaviours. Functional Ecology, 28
(6), 1313-1320 doi: 10.1111/1365-2435.12289.

Larcher, W. (2005). Climatic constraints drive the evolution of low temperature resistance in
woody plants. Journal of Agricultural Meteorology, 61, 189-202.

Lendzion, J. & Leuschner, C. (2008). Growth of European beech (Fagus sylvatica L.) saplings
is limited by elevated atmospheric vapour pressure deficits. Forest Ecology and Management,
256, 648-655.

Lenoir, J., Gegout, J.C., Marquet, P.A., Ruffray, P.D. & Brisse, H. (2008). A significant upward
shift in plant species optimum elevation during the 20th century. Science, 320, 1768-1771.

Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, W. & Schellnhuber H.J.
(2008). Tipping elements in the Earth's climate system. Proceedings of the National Academy of
Sciences of the United States of America, 105, 1786-1793

Linder, M., Fitzgerald, J.B., Zimmermann, N.E., Reyer, C., Delzon, S., van der Maaten, E., ...
& Hanewinkel, M. (2014). Climate change and European forests: What do we know, what are
the uncertainties, and what are the implications for forest management? Journal of.
Environmental Management, 146, 69-83.

Lloret, F., Keeling, E. & Sala, A. (2011). Tree resilience after successive low-growth episodes
in ponderosa pine old forests. Oikos, 120,1909-20.

Martinez-Sancho, E., Dorado-Lifian, 1., Heinrich, 1., Helle, G. & Menzel, A. (2017). Xylem
adaptation of sessile oak at its southern distribution limits. Tree Physiology, 10, 1-12

36



949
950
951
952

953
954

955
956
957

958
959
960
961

962
963
964

965
966
967
968

969

970
971
972

973
974

975
976
977

978
979

980
981
982

983
984
985

986
987
988

989
990

Martinez-Sancho, E., Dorado Lifian, 1., Gutierrez, E., Matiu, M., Helle, G., Heinrich, I. &
Menzel, A. (2018). Increased water-use efficiency translates into contrasting growth patterns of
Scots pine and sessile oak at their southern distribution limits. Global Change Biology, 24,
1012-1028. DOI: 10.1111/gcb.13937

Martinez-Vilalta, J., Lépez, B., Loepfe, L.& Lloret, F. (2012). Stand- and tree-level
determinants of the drought response of Scots pine radial growth. Oecologia, 168, 877-888.

Martinez-Vilalta, J. & Garcia-Forner, N. (2017). Water potential regulation, stomatal behaviour
and hydraulic transport under drought: deconstructing the iso/anisohydric concept. Plant, Cell &
Environment, 40, 962-976.

Matias, L., Linares, J.C., Sdnchez-Miranda, A. & Jump, A.S. (2017). Contrasting growth
forecasts across the geographical range of Scots pine due to altitudinal and latitudinal
differences in climatic sensitivity. Global Change Biology, 23(10), 4106-4116. DOI:
10.1111/gch.13627.

Mellert K.H., Deffner, V., Kiichenhoff, H. & Kolling, C. (2015). Modeling sensitivity to climate
change and estimating the uncertainty of its impact: a probabilistic concept for risk assessment
in forestry. Ecological Modelling, 316, 211-216

Mensing, S.A., Schoolman, E.M., Tunno, I., Noble, P.J., Sagnatti, L., Florindo, F., & Piovesan,
G. (2018) Historical ecology reveals landscape transformation coincident with cultural
development in central ltaly since the Roman Period. Scientific Reports; 8(1), 2138.
doi:10.1038/541598-018-20286-4

Menzel, A. & Fabian, P. (1999). Growing season extended in Europe. Nature, 397, 659.

Menzel, A., Sparks, T.H., Estrella, N., Koch, E., Aasa, A., Ahas, R., ... & Zust, A. (2006)..
European phenological response to climate change matches the warming pattern. Global
Change Biology, 12, 1969-1976.

Neuwirth, B., Schweingruber, F.H. & Winiger, M. (2007). Spatial patterns of central European
pointer years from 1901 to 1971. Dendrochronologia, 24, 79-89.

Ozturk, T., Ceber, Z.P., Tiirkes, M. & Kurnaz, M.L. (2015). Projections of climate change in the
Mediterranean Basin by using downscaled global climate model outputs. International Journal
of Climatology, 35(14), 4276-4292.

Parmesan, C. (2006). Ecological and evolutionary responses to recent climate change. Annual
Review of Ecology, Evolution and Systematics, 37: 637—669.

Pecl, G. T., Aratjo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, I.-C. & Williams,
S. E. (2017). Biodiversity redistribution under climate change: Impacts on ecosystems and
human well-being. Science, 355(6332): doi:10.1126/science.aai9214.

Pefiuelas, J., Ogaya, R., Boada, M., & Jump, A.S. (2007). Migration, invasion and decline:
changes in recruitment and forest structure in a warming-linked shift of European beech forest
in Catalonia (NE Spain). Ecography, 30, 829-837.

Piovesan, G., & Schirone, B. (2000). Winter North Atlantic oscillation effects on the tree rings
of the Italian beech (Fagus sylvatica L.). International Journal of Biometeorology, 44(3), 121-
127.

Piovesan, G. & Adams, J.M. (2001). Masting behaviour in beech: linking reproduction and
climatic variation. Canadian Journal of Botany, 79, 1039-1047.

37



991
992
993

994
995
996

997
998

999
1000
1001

1002
1003
1004

1005
1006

1007
1008

1009
1010

1011
1012
1013

1014
1015
1016

1017
1018

1019
1020

1021
1022
1023

1024
1025
1026
1027

1028
1029
1030
1031

Piovesan, G., Mercuri, A.M., Mensing & A. S (2018). The potential of paleoecology for
functional forest restoration planning: lessons from Late Holocene Italian pollen records. Plant
Biosystems. DOI: 10.1080/11263504.2018.1435582.

Pflug, E.E., Buchmann, N., Siegwolf, R.T.W., Schaub, M., Rigling, A. & Arend, M. (2018)
Resilient Leaf Physiological Response of European Beech (Fagus sylvatica L.) to Summer
Drought and Drought Release. Front. Plant Sci. 9:187

Pohlert, T. (2014). The Pairwise Multiple Comparison of Mean Ranks Package (PMCMR). R
package, http://CRAN.R-project.org/package=PMCMR.

Pretzsch, H., Schutze, G. & Uhl, E. (2013). Resistance of European tree species to drought
stress in mixed versus pure forests: evidence of stress release by inter-specific facilitation. Plant
Biology, 15, 483-495.

Pretzsch, H., Rotzer, T., Matyssek, R., Grams, T.E.E., Haberle, K.H., Pritsch, K., ... & Munch,
J.C. (2014). Mixed Norway spruce (Picea abies [L.] Karst) and European beech (Fagus
sylvatica [L.]) stands under drought: from reaction pattern to mechanism. Trees, 28, 1305-1321.

R Core Development Team. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing; 2015.

Raftoyannis, Y. & Radoglou, K. (2002). Physiological response of beech and sessile oak in a
natural mixed stand during a dry summer. Annals of Botany, 89(6), 723-730.

Reich, P.B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: a traits manifesto.
Journal of Ecology, 102, 275-301. https://doi.org/10.1111/1365-2745.12211.

Revelle, W. (2017). psych: Procedures for Personality and Psychological Research,
Northwestern University, Evanston, Illinois, USA, https://CRAN.R-project.org/package=psych
Version = 1.7.5.

Reyer, C.P.O., Leuzinger, S., Rammig, A, Wolf, A., Bartholomeus, R.P., Bonfante, A., ... &
Pereira, M. (2013). A plant's perspective of extremes: terrestrial plant responses to changing
climatic variability. Global Change Biology, 19, 75-89.

Reyer, C. P., Rammig, A., Brouwers, N. & Langerwisch, F. (2015). Forest resilience, tipping
points and global change processes. Journal of Ecology, 103, 1-4.

Richardson, D.M. (1998). Ecology and biogeography of Pinus. Cambridge University Press,
Cambridge

Rigling, A., Bigler, C., Eilmann, B., Feldmeyer-Christe, E., Gimmi, U., Ginzler, C., ... &
Dobbertin. M. (2013). Driving factors of a vegetation shift from Scots pine to pubescent oak in
dry Alpine forests. Global Change Biology, 19, 229-240. DOI: 10.1111/gcb.12038.

Sanchez-Salguero, R., Camarero, J.J., Hevia, A., Madrigal-Gonzélez, J., Linares, J.C.,
Ballesteros-Canovas, J.A., ... & Rigling, R. (2015).What drives growth of Scots pine in
continental Mediterranean climates: drought, low temperatures or both? Agricultural and Forest
Meteorology, 206, 151-162.

Sanchez-Salguero, R., Camarero, J. J., Carrer, M., Gutiérrez, E., Alla, A. Q., Andreu-Hayles, L.,
Hevia, A.,... & Linares, J.C. (2017). Climate extremes and predicted warming threaten
Mediterranean Holocene firs forests refugia. Proceedings of the National Academy of Sciences,
114(47), E10142-E10150.

38


http://cran.r-project.org/package=PMCMR

1032
1033

1034
1035

1036
1037
1038

1039
1040
1041

1042
1043
1044
1045

1046
1047
1048

1049
1050
1051

1052
1053
1054
1055

1056
1057

1058
1059
1060

1061
1062
1063

1064
1065
1066

1067
1068
1069

1070
1071
1072

Schwalm, C. R., Anderegg, W. R., Michalak, A. M., Fisher, J. B., Biondi, F., Koch, G., ... &
Huntzinger, D. N. (2017). Global patterns of drought recovery. Nature, 548(7666), 202.

Seidl, R., Schelhaas, M.J. & Lexer, M.J., (2011). Unraveling the drivers of intensifying forest
disturbance regimes in Europe. Global Change Biology, 17, 2842e2852.

Seim, A., Treydte, K., Trouet, V. Frank, D., Fonti, P., Tegel, W., ... & Biintgen, U. (2014).
Climate sensitivity of Mediterranean pine growth reveals distinct east-west dipole. International
Journal of Climatology. 35(9), 2503-2513.

Serra-Maluquer, X., Mencuccini, M., & Martinez-Vilalta, J. (2018). Changes in tree resistance,
recovery and resilience across three successive extreme droughts in the northeast Iberian
Peninsula. Oecologia, 187(1), 343-354.

Shestakova, T. A., Gutiérrez, E., Kirdyanov, A. V., Camarero, J. J., Génova, M., Knorre, A. A,,
... & Voltas, J. (2016). Forests synchronize their growth in contrasting Eurasian regions in
response to climate warming. Proceedings of the National Academy of Sciences of the United
States of America, 113(3), 662-667.

Silva, D.E., Badeau V., Legay M., Corcket, E. & Dupouey J.L. (2012). Tracking human impact
on current tree species distribution using plant communities, Journal of Vegetation Science,
23(2), 313-324

Stephenson, N. L., Das, A. J., Condit, R., Russo, S. E., Baker, P. J., Beckman, N. G., ... &
Alvarez, E. (2014). Rate of tree carbon accumulation increases continuously with tree size.
Nature, 507(7490), 90.

Tegel, W., Seim, A., Hakelberg, D., Hoffmann, S., Panev, M., Westphal, T. & Buentgen, U.
(2014). A recent growth increase of European beech (Fagus sylvatica L.) at its Mediterranean
distribution limit contradicts drought stress. European Journal of Forest Research, 133(1), 61-
71.

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, B., Beaumont, L.J., Collingham, Y.C., ...
& Williams, S.E. (2004). Extinction risk from climate change. Nature, 427, (6970), 145-148.

Thuiller, W., Lavorel, S., Araujo, M.B., Sykes, M.T. & Prentice, I.C. (2005). Climate change
threats to plant diversity in Europe. Proceedings of the National Academy of Sciences of the
United States of America, 102, 8245-8250.

Tilman, D. & Lehman, C.L. (2001). Human-caused environmental change: impacts on plant
diversity and evolution. Proceedings of the National Academy of Sciences of the United States
of America, 98, 5433-5440.

Touchan, R., Anchukaitis, K.J., Meko, D.M., Kerchouche, D., Slimani, S., Ilmen, R., ... &
Touchane, H. (2017). Climate controls on tree growth in the Western Mediterranean. Holocene,
27(10), 1429 - 1442

Trouet, V., Babst, F. & Meko, M. (2018). Recent enhanced high-summer North Atlantic Jet
variability emerges from three-century context. Nature Communications, 9, 180.
d0i:10.1038/s41467-017-02699-3.

Urli, M., Lamy, J.B., Sin, F., Burlett, R., Delzon, S. & Porté, A. (2014), The high vulnerability

to drought of Quercus robur at its southern margin paves the way for Quercus ilex. Plant
Ecology, 216(2), 177-187.

39



1073
1074
1075

1076
1077
1078

1079
1080
1081

1082
1083
1084

1085
1086
1087

1088
1089
1090

1091
1092

1093
1094
1095
1096
1097

1098
1099
1100

1101
1102
1103

1104
1105

1106
1107
1108

1109
1110
1111

1112
1113
1114

Vacchiano, G. & Motta, R. (2015). An improved species distribution model for Scots pine and
downy oak under future climate change in the NW Italian Alps. Annals of Forest Science, 72,
321-334. doi: 10.1007/s13595-014-0439-4

Vacchiano, G., Hacket-Pain, A., Turco, M., Motta, R., Maringer, J., Conedera, M., ... & Ascoli,
D. (2017). Spatial patterns and broad-scale weather cues of beech mast seeding in Europe. New
Phytologist, 215(2), 595-608.

van Haren, R., van Oldenborgh, G.J., Lenderink, G., Collins,M., & Hazeleger, W. (2013a). SST
and circulation trend biases cause an underestimation of European precipitation trends. Climate
Dynamics, 40, 1-20, doi:https://doi.org/10.1007/s00382-012-1401-5.

van Haren, R., van Oldenborgh, G.J., Lenderink, G. & Hazeleger, W. (2013b). Evaluation of
modeled changes in extreme precipitation in Europe and the Rhine basin. Environmental
Research Letters, 8, 014053. doi:https://doi.org/10.1088/1748-9326/8/1/014053.

van Haren, R., Haarsma, R.J., van Oldenborgh, G.J. & Hazeleger, W. (2015). Resolution
dependence of European precipitation in a state-of-the-art atmospheric general circulation
model. Journal of Climate, 28, 5134-5149. doi:10.1175/JCLI-D-14-00279.1.

van Vuuren, D.P., Edmonds, J., Thomson, A., Riahi, K., Kainuma, M., Matsui, T., & Hibbard,
K.A. (2011). Representative Concentration Pathways: an overview. Climatic Change, 109, 5.
doi: 10.1007/s10584-011-0148-z

Venables, W. N. & Ripley, B. D. (2002) Modern Applied Statistics with S. Fourth Edition.
Springer, New York. ISBN 0-387-95457-0.

Vicente-Serrano, S.M., Lopez-Moreno, J.1., Lorenzo-Lacruz, J., EI Kenawy, A., Azorin-Molina,
C., Moréan-Tejeda, E., ... & Angulo-Martinez, M. (2011). The NAO Impact on Droughts in the
Mediterranean Region. In: Vicente-Serrano SM, Trigo RM (eds), Hydrological, Socioeconomic
and Ecological Impacts of the North Atlantic Oscillation in the Mediterranean Region.
Advances in Global Change Research, 46, 23-40.

Vitali, V., Biintgen, U. & Bauhus, J. (2017). Silver fir and Douglas fir are more tolerant to
extreme droughts than Norway spruce in south- western Germany. Global Change Biology, 23,
5108-5119. https://doi. org/10.1111/gch.13774

Vitasse, Y., Francois, C., Delpierre, N., Dufrene, E., Kremer, A., Chuine, I. & Delzona S.
(2011). Assessing the effects of climate change on the phenology of European temperate trees.
Agricultural and Forest Meteorology, 151, 969-980 10.1016/j.agrformet.2011.03.003.

Vitasse, Y., Lenz, A. & Korner, C. (2014). The interaction between freezing tolerance and
phenology in temperate deciduous trees. Frontiers in Plant Science, 5, 541.

Westra, S., Fowler, H., Evans, J., Alexander, L., Berg, P., Johnson, F., ... & Roberts, N. (2014).
Future changes to the intensity and frequency of short-duration extreme rainfall. Reviews of
Geophysics, 52, 522-555. doi: 10.1002/2014RG000464.

Wigley, T. M. L., Briffa, K. R. & Jones P. D. (1984). On the average value of correlated time
series, with applications in Dendroclimatology and Hydrometeorology. Journal of Climate and.
Applied Meteorology, 23 (2), 201-213.

Wilson, J.W., Gutierrez, D., Martinez, D., Agudo, R. & Monserrat, V.J. (2005). Changes to the

elevational limits and extent of species ranges associated with climate change. Ecology Letters,
8, 1138-1146.

40



1115
1116
1117

1118
1119
1120

1121
1122

1123
1124
1125

1126
1127
1128

1129
1130

1131
1132
1133
1134

1135
1136
1137

1138
1139

Williams, A.P., Allen, C.D., Macalady, A.K., Griffin, D., Woodhouse, C.A., Meko, D.M.,, ... &
McDowell, N.G. (2013). Temperature as a potent driver of regional forest drought stress and
tree mortality. Nature Climate Change, 3, 292-297.

Xoplaki, E., Gonzélez-Rouco, J.F., Luterbacher, J. & Wanner, H., (2003). Mediterranean
summer air temperature variability and its connection to the large-scale atmospheric circulation
and SSTs. Climate Dynamics, 20, 723-739.

Zang, C., Pretzsch, H. & Rothe, A. (2012). Size-dependent responses to summer drought in
Scots pine, Norway spruce and common oak. Trees — Structure and Function, 26, 557-569.

Zang, C., Hartl-Meier, C., Dittmar, C., Rothe, A. & Menzel, A. (2014). Patterns of drought
tolerance in major European temperate forest trees: climatic drivers and variability. Global
Change Biology, 20, 3767-3779.

Zemp, D. C., Schleussner, C.-F., Barbosa, H. M., Hirota, M., Montade, V., Sampaio, G., ... &
Rammig, A. (2017). Self-amplified Amazon forest loss due to vegetation-atmosphere
feedbacks. Nature Communications, 8, 14 681.

Zhu, Z., Piao, S., Myneni, R. B., Huang, M., Zeng, Z., Canadell, J. G,, ... & Cao, C. (2016).
Greening of the Earth and its drivers. Nature Climate Change, 6(8), 791-795.

Zimmermann N.E., Yoccoz, N.G., Edwards, T.C., Meier, E.S., Thuiller, W., Guisan, A. &
Pearman, P.B. (2009). Climatic extremes improve predictions of spatial patterns of tree species.
Proceedings of the National Academy of Sciences of the United States of America, 106, 19723-
19728.

Zuur, AF., leno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009). Mixed Effects
Models and Extensions in Ecology with R. Springer-Verlag, New York. ISBN 978-0-387-
87457-9. 574 pp.

Zuur, AF., Leno, E.N. & Elphick, C.S. (2010). A protocol for data exploration to avoid
common statistical problems. Methods in Ecology and Evolution, 1, 3-14.

41



