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Warmer and drier climatic conditions are projected for the 21st
century; however, the role played by extreme climatic events on
forest vulnerability is still little understood. For example, more
severe droughts and heat waves could threaten quaternary relict
tree refugia such as Circum-Mediterranean fir forests (CMFF). Using
tree-ring data and a process-based model, we characterized the
major climate constraints of recent (1950–2010) CMFF growth to proj-
ect their vulnerability to 21st-century climate. Simulations predict a
30% growth reduction in some fir species with the 2050s business-
as-usual emission scenario, whereas growth would increase in moist
refugia due to a longer and warmer growing season. Fir populations
currently subjected to warm and dry conditions will be the most
vulnerable in the late 21st century when climatic conditions will be
analogous to the most severe dry/heat spells causing dieback in the
late 20th century. Quantification of growth trends based on climate
scenarios could allow defining vulnerability thresholds in tree pop-
ulations. The presented predictions call for conservation strategies to
safeguard relict tree populations and anticipate how many refugia
could be threatened by 21st-century dry spells.
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Climate is a major driver of long-term changes and shifts in
tree species distribution (1). Forecasts for the 21st century

predict an increase of up to 6 °C in mean temperature, as well as
more severe and lasting dry spells and heat waves (2). Climate
extremes can play a key role, albeit little explored, in affecting
the functioning and vulnerability of drought-prone relict forests
(3) and in triggering forest die-off (4) with cascading effects on
biodiversity, carbon, water, and nutrient cycling, and ultimately
on the provisioning of forest ecosystem services (5).
The persistence of tree species under new climatic conditions

will depend upon their ability to acclimatize or buffer climate
extremes (6). Special attention needs to be paid to tree-species
refugia, i.e., sites where the species persisted during glaciations
and currently form relict or isolated stands (7). Relict fir pop-
ulations located in Circum-Mediterranean fir forests (CMFF),
where water availability is the major forest growth constraint,
could be threatened by the forecasted warmer and drier condi-
tions (8). In addition, drought stress could also be amplified by
forecasted hot temperature extremes (9). Understanding how
these populations would respond to the predicted climate
warming and amplified drought stress is relevant to forecasting
how and where biodiversity refugia would endure adverse cli-
mates extremes during the 21st century (10).
Circum-Mediterranean firs (Abies species) constitute an example

of endangered forests and an ecosystem highly vulnerable to climate

warming (11). The intense habitat fragmentation and degradation
as a result of anthropogenic activities has reduced their population
sizes in the Modern Era and increased the extinction risk for some
of these taxa (12–14). More severe droughts could reduce the
present ranges of Circum-Mediterranean firs, particularly the dry
(southernmost or lowermost) distribution limits, but also in xeric
sites (15). This calls for a better assessment of the CMFF vulner-
ability to projected climate warming and extreme climatic events.
Comparing forest growth responses to observed and forecast cli-
mate can provide the right avenue to quantify CMFF vulnerability.
The susceptibility of trees to extreme climatic events such as

droughts is usually expressed by low radial-growth rates beyond a
critical minimum threshold (4). Many investigations confirmed that
extensive growth reduction can be considered as an early warning
signal of stand vulnerability to episodes of drought- and/or heat-
triggered dieback (5, 16–20) with, in the most critical circumstances,
cascade effects on local contraction of the species distribution area
(21–24). Time series of tree-ring width indices (TRWi) coupled
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with process-based forward models of growth offer a valuable tool
for understanding forest growth responses to climate change (25).
We projected the radial growth of CMFF (SI Appendix, Fig. S1 and
Table S1) as a function of different 21st-century climate forecasts
under two contrasting representative emission scenarios (Repre-
sentative Concentration Pathways, or RCPs) (2, 26), applying the
Vaganov–Shashkin–Lite model (hereafter VS-Lite model) (27, 28).
We analyzed climate-growth associations paying special attention to
the stability of Mediterranean fir refugia under climate extremes
(see the conceptual framework in Fig. 1).

Results and Discussion
We detected a generally positive influence on tree growth by previous
late-summer wet and cool climatic conditions but a high site-to-site
variability in the climate-growth relationships within each species (SI
Appendix, Fig. S2). Years with significant growth reduction (negative
pointer years) usually corresponded to heat waves and dry spells (SI
Appendix, Figs. S3 and S4). Forecasted warmer and drier conditions
corresponding to the RCP 8.5 scenario projected a growth decline at
lower latitudes and elevations (Fig. 2 and SI Appendix, Fig. S3 and
Table S2), although still with a high inter- and intraspecific variability.

Assessment of Extremes Using Process-Based Growth Models. The
VS-Lite model accurately tracked the year-to-year growth vari-
ability (Fig. 3 and SI Appendix, Figs. S6 and S7 and Tables S3 and
S4). The growth response to temperature (gT) peaked during the
growing season (May to September) in strictly Mediterranean firs
(15), while the growth response to moisture (gM) dropped during
summer in response to dry conditions (Fig. 3). Tree growth was
limited by low temperatures (gT < gM) at the beginning and end of
the growing season and by soil moisture availability (gM < gT)
from late spring to autumn.

Changes in the Climatic Thresholds of Circum-Mediterranean Firs.Under
the warmest climate scenario (RCP 8.5), several Mediterranean firs
(Figs. 4 and 5) are predicted to be increasingly constrained by soil
moisture availability, i.e., more drought stress throughout the
growing season (Figs. 4 and 5). Some fir species will experience
persistent dry conditions at levels similar to those during 20th-
century extreme dry spells (Figs. 3–5 and SI Appendix, Fig. S8).
On the contrary, the wettest sites are predicted to have an extended
growing season (SI Appendix, Fig. S9).
We provide empirically based constraints on modeled climate-

induced changes in growth for CMFF and present an approach

Fig. 1. Conceptual framework for assessing forest
vulnerability to climate change based on growth re-
sponses to extreme climate events. The figure shows
the framework stages (Left column) and the proce-
dures and tools used to fulfill this approach (Right
column). (A) We quantified, for each site, how growth
responds to climatic conditions and extreme climatic
events using correlation coefficients between the mean
series of TRWi and mean temperature (red) or total
precipitation (blue) (1). Temporal window spans de-
pend on the species and location [e.g., from previous
(t−1) September up to current (t) October]. Significant
(P < 0.05) values are located outside the dashed lines.
We analyzed the impact of critical climate variables on
growth using extreme pointer year analyses (2). Ex-
treme negative growth years (very low TRWi values)
corresponding to >50% raw growth reduction in more
than 50% of trees on a site were selected (red squares).
(B) To define the vulnerability threshold, we simulated
TRWi using the VS-Lite process-based growth model (3)
in which several parameters are estimated: tempera-
ture (T1) or soil moisture (M1) thresholds below which
growth will not occur, optimal temperature (T2), or soil
moisture (M2) above which growth is not limited (Ma-
terials and Methods; B, 3 is adapted from ref. 76).
Growth depends on temperature (gT, red lines and red
areas correspond to themean and SD, respectively) and
soil moisture limitations (gM, blue lines and blue areas
correspond to the mean and SD, respectively). Note
that high-gT or low-gM values indicate low and high
growth limitations, respectively. Observed years with
extremely low growth (e.g., 1995) based on observed
drought- or heat-induced dieback episodes are in-
dicated as vulnerability threshold (Vi) (critical tipping
thresholds of growth stability are indicated by black
dashed lines) (4). To model growth responses as a
function of climate extremes and to define vulnerabil-
ity thresholds, we compared observed and simulated
(VS-Lite) TRWi series (5). (C) We compared observed
and projected TRWi based on stepwise multiple linear
regressions using emission and climate scenarios as
predictors (6). Simulated (VS-Lite) growth responses
were compared with extreme years under future cli-
mate scenarios (2050–2100) (7). The observed gT and
gM values defined the observed vulnerability thresh-
olds for each forest refugia comparing projected
growth responses with forecasted climate scenarios (8).
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that accounts for intraspecific traits and geographic shifts in cli-
mate response to forecasted 21st-century extreme events (Fig. 1).
This represents an important advance in quantifying ecological
responses to future climatic constraints since conservation of
marginal tree populations will depend not only on climate forcing,
but also on adequately considering vulnerability thresholds (29–
31). Our projections question the role of long-term evolutionary
buffering effects on some relict Circum-Mediterranean fir species
and highlight the impacts of forecasted 21st-century climate vari-
ability on the stability of climatic tree refugia (32) (Fig. 5).
We projected stable growth conditions for some species (e.g.,

A. alba and A. borisii-regis) in the northern Mediterranean Basin
under the moderate RCP 4.5 warming scenario, but a substantial
decline in southern populations under the significantly warmer
RCP 8.5 (Figs. 4 and 5 and SI Appendix, Fig. S8). On the contrary,
growth enhancement due to a longer growing season is predicted
at high-elevation (wettest) sites (33, 34) (Fig. 2 and SI Appendix,
Table S2). We also expect that some species (e.g., A. cephalonica,
A. pinsapo, and A. cilicica) growing in dry and low-elevation sites
may be strongly and negatively influenced by warming-induced
drought stress and will be the most sensitive to climate extremes
under the RCP 8.5 scenario (Fig. 3 and SI Appendix, Fig. S3).
This implies that some forest stands will be unlikely to keep pace

with the enhanced decline forecast for the late 21st century, es-
pecially given that several episodes of long-lasting reductions in
growth, linked to subsequent tree mortality (17, 20, 35), have al-
ready been observed in different dry regions of southern and
central Europe (19, 20, 36). Our findings support the predictions
of range contractions, local extinctions, and species composition
changes in many fir stands due to warming temperatures (23) and
the increasing frequency of drought-triggered dieback (5, 21, 22,
24, 37). Within this scenario, the increase in water-use efficiency
related to rising atmospheric CO2 concentrations could ameliorate

drought resistance in some species (38) but not necessarily with a
corresponding effect on growth (39, 40).
Following a drought avoidance strategy (15), A. cephalonica

copes better with long-term droughts than A. borisii-regis and can
thus be found on a greater variety of substrates, including dry
compact limestones. In contrast, A. borisii-regis occurs in more
humid sites and at higher latitudes (41) (SI Appendix, Table S5).
Our analyses suggest that for A. borisii-regis higher spring tem-
peratures will negatively affect tree growth characteristics (Fig.
5). Something similar is currently observed in A. alba, where
increased solar radiation accompanied by low rainfall and
warmer temperatures had a negative effect on growth as less
sunshine seemed to be sufficient for an adequate photosynthetic
carbon assimilation in this shade-tolerant species (42).
In the case of A. cilicica and A. pinsapo under a hypothetical

moderate temperature increase (RCP 4.5 scenario) and if rainfall
remained stable, the species’ growth responses would not be greatly
disrupted (SI Appendix, Figs. S5 and S8). In contrast, a temperature
increase in the previous autumn and winter may make these spe-
cies more sensitive to cold spells in winter (15) (SI Appendix, Table
S6). Warm autumns may also lead to a depletion of reserves as a
result of the prevalence of respiration over photosynthesis having a
negative impact on growth in the next year (43).
Mediterranean firs show adaptive features to increasing

drought stress by adjusting their phenology and hydraulic ar-
chitecture (e.g., leaf area to sapwood area ratio) to local climatic
conditions, particularly the most widespread species (44). The
wide intersite variability in modeled VS-Lite parameters (Fig. 5
and SI Appendix, Table S4) may arise from parallel intersite
differences in environmental conditions or from contrasting in-
terspecies drought tolerance caused by local genetic adaptation
and phenotypic plasticity (45). Anatomical and physiological
studies suggest that, for some of these species, there is an early

Fig. 2. Projected ring-width indices (TRWi) for each fir species and site considering the warmest emission scenario (RCP 8.5). Species climate-based models
means are shown as black lines, and gray areas represent the maximum and minimum TRWi values considering all sites for each species. The lower plots of
each panel show the assessment of the impact on growth stability (sensitivity) of the occurrence of extreme forecasted 21st-century events by TRWi reductions
(GR) computed considering the 5-y moving average values from 2011 to 2100. The gray-scale bars indicate TRWi reductions while red bars indicate selected
climatically extreme years causing reduced growth in each species during the 21st century. Bold lines frame extreme values (TRWi reduction >25%). See SI
Appendix, Fig. S5, for RCP 4.5 scenario and SI Appendix, Table S1, for site codes.
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closure of stomata that provides an efficient reduction of water
loss in the case of water shortage (46, 47). However, as already
observed, the loss in hydraulic performance during extreme events
can translate into growth decline (19), especially given that high
temperatures in combination with strong radiation can also neg-
atively influence soil water balance (48). Unexpectedly, the highest
vulnerability of fir species is recorded on soils with higher water-
holding capacity, showing that soil features need to be explicitly
considered to properly assess tree vulnerability and growth po-
tential (49). For example, the strict water-stress avoidance strategy
of A. pinsapo and A. cephalonica to limit water losses is reflected in
rapid stomatal closure at rather positive stem water potentials and
relatively high values of soil water content (15, 47).

Stability of Climate Refugia Under Different Warming Scenarios.
Under the strongest temperature increases, the VS-lite growth
model projected population shifts from moisture-limited to also
warming-limited conditions during the growing season (Figs. 3 and
4). This would occur mainly in lower and dry sites where spring–
summer conditions are presently close to the species’ limits (Fig. 5)
and where the future climate will be similar to current extreme
(drought/heat spells) events (Figs. 3 and 5). In general, climate
projections predict shorter growing seasons in southern A. alba and
lower elevation A. borisii-regis, A. cephalonica, A. cilicica,
and A. pinsapo sites, but longer ones in the wettest and high-
elevation A. alba sites (25) (Figs. 3 and 4). This would imply a
higher growth sensitivity to climate during the early growing
season, suggesting a prominent role of spring water deficit as already
observed in xylogenesis investigations (50). On the contrary, the
minimum temperature threshold for growth (T1) and the tempera-
ture at which growth is not limited (T2) will increase for all CMFF
(SI Appendix, Tables S4 and S7), with a potential increased frequency
of evapotranspiration stress during the predicted shorter growing
season (Fig. 5) (4). Thus, the forecasted drier and hotter growing

season would negatively affect the growth of CMFF stands at lower
elevation and xeric sites by exceeding their functional thresholds for
optimal growth responses (i.e., gT and gM) (Figs. 4 and 5).
Since all of the CMFF experienced a fairly stable thermal

range during most of the Holocene (51), an increase in water and
thermal stress during the second half of the 21st century may
have dreadful effects on the relict populations at the warm
(lower) edges of the species’ ranges (Fig. 5). Assuming a low
genetic variability within these species (see ref. 52), few fir taxa
may potentially withstand a temperature increase of about 4.8 °C
in xeric sites (Fig. 4). Our results thus suggest that some of the
quaternary populations’ refugia at the warmer end of the species
distribution (e.g., A. pinsapo, A. tazaotana, or low elevation
A. cephalonica and A. cilicica) may be threatened within a cli-
mate warming scenario (Fig. 5 and SI Appendix, Table S7).
Evaluating the climatic limits of species distributions over time

is key to understanding the species responses to future climate
change. Space–time extended datasets, such as those derived from
tree rings, are needed to reconstruct species resilience to past
extreme events and to predict future dieback processes (cf. 18 and
53). Our methodological framework is robust and provides results
that are in accordance with what has been observed in field studies
on forest vulnerability and climate-driven growth thresholds (15,
19). Nevertheless, we captured only part of the key drivers gov-
erning forest growth, and future simulations should also include
information on shoot and leaf growth (54), demographic processes
(55), and tree acclimation and disturbances (56).

Conclusions. Our modeling approach helps to highlight locally re-
sistant tree populations, providing drought-heat tolerance that can
be potentially preadapted to future climatic conditions expected in
more northerly locations. Having these sources for assisted mi-
gration can be highly relevant for the application of conservation
strategies under global change or habitat fragmentation. Finally,

Fig. 3. Simulated monthly growth response curves (gT, gM) using the VS-Lite model for the period 1950–2010. The growth responses consider temperature (gT,
red lines and red areas correspond to the mean and SD, respectively) and soil moisture limitations (gM, blue lines and blue areas correspond to the mean and SD,
respectively) for each species. See Fig. 1 and SI Appendix, Table S1, for site codes. Note that low-gM values indicate growth limitations. Selected extremely low
growth years are indicated by dashed lines in different colors: green (previous year) and black (current year). The map displays site-level Pearson correlation
coefficients computed by the VS-Lite growth model between observed and predicted series of ring-width indices. See SI Appendix, Fig. S7, for more locations.
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growth analyses should be ideally supplemented by the genetic
background of the species when stakeholders have to decide about
management but also to confer resilience to forests. Process-based
models allowed us to define the vulnerability thresholds of CMFF
refugia by quantifying growth responses and identifying vulnera-
bility thresholds to forecasted climate warming and more extreme
dry spells (Fig. 1). We disentangled the respective roles of the
different species- and site-specific factors that will predispose to
growth decline and local extinction processes. The predictions
under the business-as-usual scenario (RCP 8.5) forecasted a
growth reduction in some southern forests. This knowledge can
support forest managers to better prepare specific strategies to
cope with forecasted climatic challenges.

Materials and Methods
Study Sites and Sampling Design. The study area includes the main ranges of
most Circum-Mediterranean fir (Abies) species (CMFF) (SI Appendix, Fig. S1 and
Table S1) (11). Fir species appear in the wettest sites of the Mediterranean Basin
usually dominating in N-oriented sites with deep soils (57). They can be found on
different parent materials, calcareous or noncalcareous, but grow best on
deeper acid soils with high water reserves (15). These species develop in a sub-
humid climate where annual precipitation is between 600 and 1,000 mm, and
mean annual temperature ranges from 6.6 to 17.2 °C (SI Appendix, Table S5).

Thirty forests that were sampled across the Mediterranean region are dis-
tributed as follows: A. alba Miller, six sites in Italy (58), six sites in Spain (25);
A. borisii-regis Mattfeld (five sites) (41, 48); A. cephalonica Loudon (three sites)
(38, 41); A. cilicica (Antoine and Kotschy) Carrière (five sites); A. pinsapo Boissier
(three sites); A. pinsapo var. maroccana (Trabut) Ceballos and Bolaños (one site);
and A. pinsapo var. tazaotana (Cózar ex Huguet del Villar) Pourtet (one site) (SI
Appendix, Fig. S1 and Table S1). We sampled these sites following dendrochro-
nological methods and covering most of the geographical distribution of Abies
species in the Mediterranean, thus capturing most of the ecological variability ex-
perienced by these species (SI Appendix, Fig. S1) (15). Most sampled sites are in
protected areas (e.g., national parks), which guarantee that trees have been less

exposed to disturbances (e.g., logging or fire) than in nonprotected areas at least
for the past 50–60 y. At each site, at least 12 dominant or codominant trees (when
they were available) separated by at least 20 m from each other were cored at
1.3 m using Pressler increment borers on the cross-slope sides of the trunk when-
ever possible. For each study site, latitude, longitude, andmean elevation as well as
topographic (slope and aspect) variables were recorded (SI Appendix, Table S1).
Radial growth was measured in two to three radial cores per tree. Wood samples
were sanded until rings were visible and then visually cross-dated. Once dated, tree-
ring widths were measured to the nearest 0.01 mm using a binocular microscope
and a LINTAB measuring device (Rinntech). The accuracy of visual cross-dating and
measurements was checked with the COFECHA program, which calculates moving
correlations between each individual tree-ring series and the mean site series (59).

Climate-Growth Associations. The homogenized and quality-checked CRU T.S.
3.23 dataset (www.cru.uea.ac.uk/data) was used for the period 1950–2010,
providing a reliable climate data source across all of the study sites (60). This
dataset contains monthly mean temperature and precipitation data gridded
at a 0.5° spatial resolution that have been checked for homogeneity.

To quantify climate-growth associations, we calculated mean tree-ring
width series at the site scale (site chronology) (SI Appendix, Table S1).
TRWi were calculated, adjusting negative exponential or linear functions
and 30-y-long splines to obtain detrended growth series and corrected age–
size trends. These splines allowed high-frequency (annual to decadal)
growth variability to be preserved. We applied autoregressive models to
model and eliminate most of the temporal (usually of first order) autocor-
relation. We obtained residual or prewhitened TRWi series for each tree as
ratios between the measurement and the fitted curve. Finally, we averaged
the individual growth-index series into site-level chronologies following a
hierarchical approach from tree to site. Among the developed chronologies,
we considered only those covering the period 1950–2010, which corre-
sponded to the period of most reliable climate data in the study area. To
characterize these site TRWi chronologies, we also calculated several den-
drochronological statistics (SI Appendix, Table S1) (61).

The relationships between monthly climate data (mean temperatures and
precipitation) and TRWi were assessed by calculating bootstrapped Pearson

Fig. 4. Projected monthly growth response curves using VS-Lite model for the 2050–2100 period under the RCP 8.5 scenario. The response curves consider
temperature (gT, red lines and red areas correspond to the mean and SD, respectively) and soil moisture limitations (gM, blue lines and blue areas correspond
to the mean and SD, respectively) for each site (Fig. 1). Selected extreme low growth years are indicated by dashed lines in different colors: green (previous
year) and black (current year) (Fig. 2 and SI Appendix, Fig. S5). The map symbols show projected growth trends (Pearson correlation coefficients of site mean
TRWi series) considering the 2011–2100 period following growth projections (SI Appendix, Table S2). Correlation values higher than j0.25j are significant at
P < 0.05. See SI Appendix, Table S1 for site codes and SI Appendix, Fig. S8, for more locations.
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correlation coefficients for the common period 1950–2010. The temporal
window of growth-climate comparisons included from the previous September
to the current October. All stages of chronologies building and further analyses
were performed using the R statistical software (62) and the package dplR (63).
This first step of our conceptual framework defines the critical growing period
at site and species levels and which climate variables (i.e., monthly temperature
and precipitation) affect growth (Fig. 1).

Climate Extremes and Pointer Years. As the term “climate extreme” usually
defines both “extreme weather” and “extreme climate” events (cf. 63), we
considered 27 climate indices (11 for precipitation and 16 for temperature)

from daily observations of precipitation and maximum and minimum tem-
perature (ETCCDI database) calculated for each site by using the RClimDex
package (see etccdi.pacificclimate.org/indices_def.shtml and SI Appendix,
Table S8). RClimDex was used to compute climate indices from the observed
and forecasted ensemble climate data (65–67). Spearman correlation coef-
ficients were calculated for each site between TRWi and annual climate in-
dices considering the previous and current year of tree-ring formation. This
allowed the presence of any carryover effect of climate extremes to the
following tree-ring formation to be assessed (SI Appendix, Table S9) (68).

Vulnerability to climate change during these extreme climate events was
assessed using extreme pointer year analysis. This was performed to determine

Fig. 5. Simulated (VS-Lite model) mean growth responses for the growing season and climate extreme years. The selected periods represent spring (March to
May) temperature (gT, red circles indicate the mean and SD) and summer (June to September) soil moisture limitations (gM, blue triangles indicate the mean
and SD) for each Abies species. See SI Appendix, Fig. S9 and Table S1 for site codes. Values were fitted for one observed (1950–2010) and two projected 21st-
century periods (2011–2049 and 2050–2100) based on RCP 8.5 emission scenario. Selected observed growth responses during extreme events (1950–
2010 period; see Figs. 1–3) with extremely low growth rates are indicated in different colors on the Left for each site. See also Figs. 2 and 3. These values
defined the observed thresholds of vulnerability for each climate refugia compared with the forecasted growth response for the RCP 8.5 climate scenario.
Different letters indicate significant (P < 0.05) differences between observed and projected periods based on Tukey’s HSD post hoc tests (lowercase and
uppercase letters correspond to the 2011–2049 and 2050–2100 periods, respectively).
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whether climatic factors were responsible for conspicuously narrower or wider
tree rings as described in ref. 69 (Fig. 1). Species- and site-specific pointer years
were calculated on raw annual ring-width values for each tree and were then
transformed into normalized values (Cropper index). This method z-transforms
tree growth in year i within a symmetric moving window of n years (5 y in our
case), thereby providing the number of SDs of tree growth in individual years
from the window average (70). To calculate the intensity of interannual growth
anomalies, we defined the probability density functions of the standardized
normal distribution of data (see ref. 71) and identified the strong negative
growth anomalies during extreme events. The resulting time series of nor-
malized values allowed for the interpretation of the growth characteristics
under extreme events in terms of yearly SD units for each tree, site, and species.
Cropper values were then normalized to a mean of 0 and an SD of 1. To
evaluate the probability of a strong negative growth anomaly, threshold values
were defined as follows: “extreme”: > 1.64; “strong”: > 1.28; and “weak” > 1;
values between −1 and +1 were considered as “normal” (see ref. 71). The weak
threshold value was used to maximize the number of years for further analyses.
When more than 50% of all trees within a chronology exceeded the defined
threshold, the year was considered a pointer year (69).

To assess the impact on growth (sensitivity) of the occurrenceof pointer years,
we also calculated the annual percentage of growth change (GC) of each tree by
calculating the ratio of tree growth in year i and the average growth of the
5 preceding years. To assess the tree response to 21st-century impact on fore-
casted growth trends, the TRWi reduction (GR: the ratio of TRWi in year i and
the average TRWi of 5 preceding years) was also calculated for each tree. To
calculate the pointer years and the GC components, we used the pointRes
package (72).

Climate Projections. Only those climate variables highly correlated with TRWi
(r > j0.30j, P < 0.05) were considered in the climate-based models and TRWi
projections under different climate scenarios. The climate data projected for
the 21st century were downloaded and downscaled (cf. 72) at a 0.5° spatial
resolution from the fifth phase of the Coupled Model Intercomparison
Project (ensemble CMIP5) (74). We used data for the scenario (RCP 8.5) that
most closely tracked recent historical emissions (75), and one lower-emission
scenario (RCP 4.5) in which the increase in annual emissions is more gradual
during the early 21st century and declines after the mid-21st century. These
scenarios result in 1.7–4.8 °C global warming by the year 2100, relative to the
late–20th-century baseline. The RCP 4.5 scenario represents a situation
where radiative forcing peaks at 4.5 W·m−2 after 2100 with temperature
increases ranging between 0.9 and 2.6 °C during the 21st century, whereas in
the RCP 8.5 scenario radiative forcing continuously rises to reach 8.5 W·m−2

in 2100 with a warming increase ranging between 1.4 and 4.8 °C (26).

Growth Projections Based on Process-Based Modeling of Tree Growth. We used
the VS-Lite model and a Bayesian parameter estimation approach to simulate
TRWi as a function of climate (Fig. 1) (76–78). The model uses the Leaky Bucket
Model of hydrology provided by the National Oceanic and Atmospheric Ad-
ministration Climate Prediction Center (79) to estimate monthly soil moisture
from temperature and total precipitation data. Snow dynamics are not explicitly
considered in the model, and thus all precipitation is assumed to be liquid. For
each year, the model simulates standardized tree-ring width anomalies from the
minimum of the monthly growth responses to temperature (gT) and moisture
(gM), modulated by insolation (gE). Day length is determined from site latitude
and does not vary from year to year. The growth response functions for tem-
perature (gT) andmoisture (gM) in VS-Lite involve only two parameters. The first
represents the temperature (T1) or moisture (M1) threshold below which growth
will not occur, while the second is the optimal temperature (T2) or moisture (M2)
above which growth is not limited by climate (Fig. 1). The growth function pa-
rameters were estimated for each site via Bayesian calibration. This scheme as-
sumes uniform priors for the growth response parameters and independent,
normally distributed errors for the modeled TRWi values. The posterior median
for each parameter was used to obtain the “calibrated” growth response for a
given site. Finally, the model was run over the entire period 1950–2010 using the
calibrated parameters for each site to produce a simulated tree-ring chronology
(TRWiVSL) that represents an estimate of the site climate signal of forest growth.
A more detailed description of the approach can be found in ref. 78.

Temperature (Ti) and soil moisture (Mi) growth parameters were sampled
uniformly across intervals, and the growth parameter set producing the
simulation that correlated most significantly with the corresponding ob-
served TRWi series for each site was then used in the simulations. In addition,
other parameters (e.g., soil moisture, runoff, root depth) were taken from
published studies (25, 76–82). The model was evaluated 10,000 times for
each site using three parallel Markov Chain Monte Carlo chains with uniform
prior distribution for each parameter and a white Gaussian noise model
error (78). To compute annual TRWi values, we integrated the overall sim-
ulated growth rates (i.e., the point-wise minimum of monthly gT, gM, and
gE) over the time window from September of the year before growth to
October of the year of tree-ring formation. This period was determined
following previous xylogenesis and dendroecological studies performed on
these species (15, 41, 50, 83). To evaluate the temporal stability of the cali-
brated growth response functions, we divided the period 1950–2010 into
two 30-y intervals (1950–1980, 1980–2010) and withheld the second half for
validation of the parameters estimated in the first half.

Climate-growth relationshipswere reexaminedby applying stepwisemultiple
linear regressions. This allowed the effects of climate and extreme indices in the
observed TRWi data to be identified and to project TRWi through individual-site
climate-based equations under future scenarios (Fig. 1). All continuous predictor
variables were standardized to give them the same weight in the fitted models
(i.e., the meanwas subtracted from each value and divided by the SD), enabling
the interactions to be tested and compared (84). In addition, we evaluated the
existence of multicollinearity among explanatory variables by calculating the
variance inflation factor, which, being lower than 2, confirmed no redundancy
problems with the data. We used the function “step” of the R package “stats”
(62) using the lowest Akaike Information Criterion to select the final regression
equations. The models were fitted using Generalized Least-Squares estimation
and the R package “nlme” (85). The selected models were run to forecast the
TRWi of each site (hereafter, TRWip) for the 2011–2049 and 2050–2100 periods
under the two selected RCP scenarios. Finally, we ran VS-Lite models on the
TRWip series over the same periods to forecast growth responses (i.e., gT, gM)
and growth function parameters (T1, T2 and M1, M2) under future climate
projections (see above).

Vulnerability of Mediterranean Firs. To explore the stability of Mediterranean
Abies refugia under different forcing climate scenarios, we compared the
observed and forecasted growth responses to temperature (gT) and soil
moisture (gM) for the 2011–2049 and 2050–2100 periods under the RCP
scenarios (Fig. 1). We did this by analyzing the growth projections of each
site climate-based model including Extreme Climate Indices (86). All fore-
casted values exceeding at least two SDs of the observed mean growth re-
sponse (gT, gM) during the growing season were defined as vulnerable
climate refugia; i.e., refugia exposed to a highly elevated climate instability
(87). We chose the growth responses to observed extreme climate events to
declare vulnerability since drought- or heat-induced forest dieback episodes
have already been documented in response to heat waves and dry spells
in several Mediterranean fir species, particularly in the case of Silver fir
(A. alba) and Spanish fir (A. pinsapo) (13, 20, 36, 40, 83).
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