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Abstract

Growth models can be used to assess forest vulnerability to climate warming. If global warming amplifies water defi-

cit in drought-prone areas, tree populations located at the driest and southernmost distribution limits (rear-edges)

should be particularly threatened. Here, we address these statements by analyzing and projecting growth responses

to climate of three major tree species (silver fir, Abies alba; Scots pine, Pinus sylvestris; and mountain pine, Pinus unci-

nata) in mountainous areas of NE Spain. This region is subjected to Mediterranean continental conditions, it encom-

passes wide climatic, topographic and environmental gradients, and, more importantly, it includes rear-edges of the

continuous distributions of these tree species. We used tree-ring width data from a network of 110 forests in combina-

tion with the process-based Vaganov–Shashkin-Lite growth model and climate–growth analyses to forecast changes

in tree growth during the 21st century. Climatic projections were based on four ensembles CO2 emission scenarios.

Warm and dry conditions during the growing season constrain silver fir and Scots pine growth, particularly at the

species rear-edge. By contrast, growth of high-elevation mountain pine forests is enhanced by climate warming. The

emission scenario (RCP 8.5) corresponding to the most pronounced warming (+1.4 to 4.8 °C) forecasted mean growth

reductions of �10.7% and �16.4% in silver fir and Scots pine, respectively, after 2050. This indicates that rising tem-

peratures could amplify drought stress and thus constrain the growth of silver fir and Scots pine rear-edge popula-

tions growing at xeric sites. Contrastingly, mountain pine growth is expected to increase by +12.5% due to a longer

and warmer growing season. The projections of growth reduction in silver fir and Scots pine portend dieback and a

contraction of their species distribution areas through potential local extinctions of the most vulnerable driest rear-

edge stands. Our modeling approach provides accessible tools to evaluate forest vulnerability to warmer conditions.
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Introduction

Climate is one of the major filters determining where a

specific tree species can thrive (Pearson & Dawson,

2003). Hence, the variation in climate along geographi-

cal gradients allows analyzing how forest growth and

productivity change in response to environmental vari-

ation (Babst et al., 2013; Martin-Benito & Pederson,

2015). Specifically, characterizing forest growth pat-

terns along climatic gradients has a great potential to

project the vulnerability of tree populations to climate

warming (Mat�ıas & Jump, 2015; Shestakova et al.,

2016). Several lines of evidence indicate that rising

atmospheric CO2 concentrations and associated climate

warming will further alter the growth, functioning and

distribution of forests in drought-prone areas over the

coming decades (Keenan et al., 2011; Linares & Camar-

ero, 2012a,b). Changes in forest productivity and range

shifts of major tree species will have economic, ecologi-

cal and social impacts, especially if accompanied by

widespread dieback of the most vulnerable stands

(Allen et al., 2015; Anderegg et al., 2015).

In drought-prone areas, climate warming can influ-

ence forests by modifying the start and duration of the

growing season and by rising evapotranspiration rates,

thus amplifying drought stress and triggering forest

dieback (Williams et al., 2013; Camarero et al., 2015b;
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Guada et al., 2016). However, even though forests play

a key role in the global C cycle and sequestration of car-

bon emissions derived from fossil fuels (Way & Oren,

2010), there are still research gaps on how rising tem-

peratures will affect tree growth under projected cli-

matic conditions. Special attention must be paid to tree

populations located at the lower latitudinal and altitu-

dinal limit of the trees species’ continuous distribution

area (rear-edge, cf. Hampe & Petit, 2005), where water

availability becomes the main constraint of forest

growth (S�anchez-Salguero et al., 2012). In this sense,

new approaches are needed to assess forest vulnerabil-

ity in response to predicted climate warming, and tree-

ring data can provide a long-term assessment of forest

productivity by quantifying growth changes (Babst

et al., 2014). Comparing forest growth responses to

observed and forecasted climate projections along

ample geographical gradients, including rear-edge tree

populations, should improve our ability to model forest

vulnerability to climate warming (Huang et al., 2013).

Most modeling efforts have focused on the impacts of

climate change on tree species distributions (D’Amen

et al., 2015; Garc�ıa-Vald�es et al., 2015), but few studies

have evaluated forest vulnerability to climate warming

using growth models (but see Serra-D�ıaz et al., 2013;

Duveneck & Scheller, 2016). The development of pro-

cess-based forward models of tree-ring formation offers

a valuable tool for understanding forest growth

responses to climate (Anchukaitis et al., 2006; Evans

et al., 2006; Guiot et al., 2014). The Vaganov–Shashkin-
Lite model (hereafter VS-Lite model; Vaganov et al.,

2006, 2011; Tolwinski-Ward et al., 2011, 2013) is one of

the best and simplest available models for understand-

ing the nature of growth response to climate across

regional scales (Breitenmoser et al., 2014). This process-

based model simulates radial growth using the principle

of limiting factors and nonlinear growth response func-

tions (Fritts, 2001), and it requires the following as input

variables: site latitude, monthly mean temperature, and

monthly total precipitation. The VS-Lite model has been

used to successfully simulate and evaluate regional pat-

terns of climate limitation of tree growth in a range of

environments from semi-arid to temperate and boreal

regions (Tolwinski-Ward et al., 2011; Breitenmoser et al.,

2014; Lavergne et al., 2015; Mina et al., 2016).

Here, we assess radial growth as a function of differ-

ent climate projections under four emission scenarios

(IPCC, 2013) using the VS-Lite model and statistical cli-

mate–growth models. Particularly we considered the

‘representative concentration pathways’ (RCPs) which

are climate projections consistent with a wide range of

possible changes in future anthropogenic greenhouse

gas emissions (Collins et al., 2014). We focus on three

keystone conifer species abundant in boreal, subalpine,

temperate and Mediterranean areas of Europe: silver fir

(Abies alba Mill.), Scots pine (Pinus sylvestris L.) and

mountain pine (Pinus uncinata Mill.). The three species

reach the southernmost distribution limit of their con-

tinuous distribution area in Spain, a vulnerable region

to climate warming as drought-induced dieback epi-

sodes have already been observed in silver fir and Scots

pine populations (Camarero et al., 2015b). In this

Mediterranean region, warming is projected to enhance

aridity, exacerbating soil moisture deficit and increas-

ing the vapor pressure deficit (Giorgi & Lionello, 2008).

Although the drought and temperature sensitivity of

tree growth has been documented in some forests of

this area (Andreu et al., 2007; Galv�an et al., 2012; Gazol

et al., 2015), the vulnerability to forecasted climate

warming has not been investigated, particularly in the

case of rear-edge populations.

Specifically, we are interested in investigating

whether climate-based models of growth could be used

to identify vulnerability thresholds of forests reflected

as growth reductions. We also evaluate the long-term

growth responses of rear-edge forests to climate warm-

ing at the species, site and tree levels. Our specific

objectives are the following: (1) to characterize growth

responses to climate across wide environmental and

geographical gradients including rear-edge forests; (2)

to calibrate climate–growth relationships using a pro-

cess-based model of tree-ring formation; (3) to explore

the vulnerability of forests under different forcing cli-

matic scenarios. We hypothesize that rear-edge forests

of drought-sensitive species (silver fir and Scots pine)

will be the most vulnerable to a warming-induced

decrease in water availability, whereas rising tempera-

tures will enhance growth and growing season dura-

tion of high-elevation mountain pine forests.

Materials and methods

Study sites and species

The study area includes the main mountain ranges of NE

Spain, namely the Pyrenees and the Iberian System (Fig. 1;

see also Fig. S1 in Supporting Information). The Pyrenees

constitute a transitional area between more humid condi-

tions in their northern margin and drier conditions south-

ward (Vigo & Ninot, 1987). This gradient overlaps with a

longitudinal gradient caused by the location of the range

between the Atlantic Ocean and the Mediterranean Sea

leading to higher winter–spring and summer–fall precipita-

tion amounts westward and eastward, respectively. The cli-

mate in the Pyrenees is continental with oceanic (western

sites) or Mediterranean (eastern and southern sites) influ-

ences (Figs S1 and S2, Table S1). The Iberian range is sub-

jected to Mediterranean climate with a continental

influence, characterized by warm and dry summers and

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 2705–2719
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cool winter conditions (Camarero et al., 2015b). Mean

annual temperature and total precipitation in the study

sites range from 3.0 to 15.4 °C and from 460 to ca.

1800 mm, respectively, with January and July as the cold-

est and warmest months, respectively (Galv�an et al., 2012).

Since 1950, warmer conditions have been observed in NE

Spain (Fig. S2).

Silver fir appears in the wettest sites of the study area usu-

ally dominating in N-oriented sites with deep soils (Camarero

et al., 2011). Scots pine appears in the driest and warmest sites

of the area, whereas mountain pine abounds in the coldest and

high-elevation sites forming the Pyrenean tree line (Vigo &

Ninot, 1987). The sampled sites encompass the maximum eco-

logical amplitude of the species for the study region by includ-

ing silver fir and Scots pine dominant in low to middle

elevations (range 850–2000 m, mean elevation 1480 m) and

mountain pine forests dominant at higher elevations (1750–
2451 m, mean elevation 2113 m; see Table S1). Note that some

geographical variables covary because elevation of sampled

sites decreases westward and southward, especially in the case

of silver fir and mountain pine forest. Most sampled sites are

located inside protected areas (National and Regional parks)

which guarantee that trees have been less exposed to local per-

turbations (logging, fire) than in nonprotected areas for the past

60 years. Pyrenean sites are either located on marl or limestone

substrates, which generate basic soils (mainly silver fir forests),

or on moraine deposits with rocky and acid soils (mainly pine

forests), while the remaining sites are characterized by basic

and clayey or loamy soils (Camarero et al., 2015a,b,c).

Tree-ring dataset

Between 1994 and 2015, 110 sites were sampled distributed as

follows: silver fir (n = 45 sites), mountain pine (n = 37 sites)

and Scots pine (n = 28 sites) (Table S1). We sampled these

sites following dendrochronological methods and covering

most of the geographical distribution of the three species in

the Iberian Peninsula, thus capturing most of the ecological

variability experienced by these species (Fig. S1 and Table S1).

At each site, at least 15 standing dominant or codominant

trees, separated by at least 20 m from each other, were

selected and the latitude and longitude of the site were

recorded (Table S1) (Nehrbass-Ahles et al., 2014). Topographic

(elevation, slope and aspect) variables were also recorded for

each tree. Most study sites are relatively undisturbed and they

have not been logged since the 1950s (Camarero et al., 2011).

Radial growth was measured in two to three radial cores per

tree, which were extracted with an increment borer at breast

height (1.3 m) on the cross-slope sides of the trunk whenever

possible (Fritts, 2001). Wood samples were sanded until rings

were visible and then visually cross-dated. Once dated, the

tree-ring widths were measured to the nearest 0.01 mm using

a binocular microscope and a LINTAB measuring device (Rin-

ntech, Heidelberg, Germany). The accuracy of visual

cross-dating and measurements was checked with the COFECHA

program, which calculates moving correlations between each

individual series and the mean site series (Holmes, 1983).

To quantify the growth–climate associations, we developed

both mean tree-ring width series at the tree and site levels (site

Fig. 1 Map showing the sites of the three tree species studied in NE Spain (silver fir, Abies alba, blue triangles; Scots pine, Pinus sylvestris,

green squares; and Mountain pine, Pinus uncinata, dark gray circles) and summer precipitation (color background area). (See Table S1

and Fig. S1 for more details on the sampled sites and species distribution.) The inset shows the location of the study area in Europe.

[Colour figure can be viewed at wileyonlinelibrary.com].
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chronology) (Table S2). Tree-ring width indices (hereafter

abbreviated as TRWi) were calculated using the ARSTAN pro-

gram (ver. 4.4; Cook & Krusic, 2005). We adjusted negative

exponential or linear functions and 25-year long splines to

obtain the detrended TRWi series correcting the age/size

trends. These relatively short splines remove growth trends in

periods longer than decades, with holding the high-frequency

growth variability. We applied autoregressive models to

model and eliminate the temporal (usually of first order) auto-

correlation. Finally, we obtained TRWi series for each tree as

ratios between the measurement and the fitted curve. Among

the developed chronologies, we considered only those cover-

ing the period 1950–2005, which corresponded to the period of

most reliable climatic data in the study area. Finally, we aver-

aged the individual growth-index series into site-level

chronologies following a hierarchical approach from tree to

site. To characterize the growth series at the site level, we also

calculated several dendrochronological statistics considering

raw data (Table S2) and enabled the evaluation of the validity

of the tree-ring chronologies (Fritts, 2001).

Climate: current observations and future projections

The homogenized and quality-checked E-OBS v.11.0 dataset was

used for period 1950–2005 providing a reliable climatic data

source across the whole study area (Haylock et al., 2008). This

dataset contains monthly mean temperature and precipitation

data gridded at a 0.25° spatial resolution which have been

checked for homogeneity. Only those climate variables highly

correlated with TRWi were considered in the climate-based

models and TRWi projections under different climate scenarios.

The climate data projected for the 21st century was down-

loaded and downscaled (cf. Moreno & Hasenauer, 2016) at a

0.25° spatial resolution from the fifth phase of the Coupled

Model Intercomparison Project (ensemble CMIP5; Taylor et al.,

2012). We used data for the scenario (RCP 8.5) that most closely

tracked recent historical emissions (Lelieveld et al., 2016), and

three lower emissions scenarios in which the increase in annual

emissions is more gradual in the early 21st century and declines

after the mid-21st century (RCP 2.6, RCP 4.5 and RCP 6.0).

These scenarios result in 1.7–4.8 °C global warming by the year

2100, relative to the late-20th-century baseline (Fig. S3). The

RCP 2.6 scenario represents a situation where radiative forcing

peaks at 3.0 W m�2 before 2100 and then declines to reach

2.6 W m�2 by 2100 with warming increase ranging between 0.3

and 1.7 °C during 21st century. In the RCP 4.5 scenario, radia-

tive forcing stabilizes at 4.5 W m�2 after 2100 with temperature

increase ranging between 0.9 and 2.6 °C. In the RCP 6.0 scenar-

io, radiative forcing stabilizes at 6.0 W m�2 after 2100 with

warming increase ranging between 0.8 and 3.1 °C, whereas in

the RCP 8.5 scenario, radiative forcing continuously rises to

reach 8.5 W m�2 in 2100 with warming increase ranging

between 1.4 and 4.8 °C (Van Vuuren et al., 2011).

Forward process-based model of tree growth

We used the VS-Lite model and a Bayesian parameter estima-

tion approach to simulate TRWi as a function of climate

(Tolwinski-Ward et al., 2011, 2013). The model uses the Leaky

Bucket model of hydrology provided by the National Oceanic

and Atmospheric Administration’s Climate Prediction Centre

(Huang et al., 1996) to estimate monthly soil moisture from

temperature and total precipitation data. Snow dynamics are

not considered in the model, and thus, all precipitation is

assumed to be liquid. For each year, the model simulates stan-

dardized 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 temperature (gT) and moisture

(gM) in VS-Lite involve only two parameters. The first param-

eter represents the temperature (T1) or moisture (M1) thresh-

old 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. The growth function parame-

ters were estimated for each site via Bayesian calibration. This

scheme assumes 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 per-

iod 1950–2005 using the calibrated parameters for each site to

produce a simulated tree-ring chronology (TRWi-VSL) that rep-

resents an estimate of the site climate signal of forest growth.

A more detailed description of the approach can be found in

the study by Tolwinski-Ward et al. (2013).

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 observed 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 (e.g., Evans et al., 2006; Vaganov et al.,

2006; Tolwinski-Ward et al., 2011, 2013; Touchan et al., 2012).

The model was evaluated 12 000 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 (Tolwinski-Ward et al., 2013). To compute annual

TRWi values, we integrated the overall simulated growth rates

(i.e., the point-wise minimum of monthly gT, gM and gE) over

the time window from September of the year prior to growth to

October of the year of tree-ring formation. This period was

determined following previous xylogenesis and dendroecologi-

cal studies performed on the three species (Camarero et al.,

1998; Tardif et al., 2003). To evaluate the temporal stability of

the calibrated growth response functions, we divided the per-

iod 1950–2005 into two 25-year intervals (1950–1980, 1975–2005)
and withhold the second half for validation of the parameters

estimated in the first half (Fig. S4 and Table S3).

Climate–growth relationships and growth forecasts

To characterize the geographical variation in growth of the

three species across space and time, we conducted a non-

metric multidimensional scaling (NMDS), which is a multidi-

mensional analysis effective in quantifying the relationships

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 2705–2719
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between climate and TRWi (Oberhuber, 2004). The NMDS

was applied to the entire network of observed TRWi chronolo-

gies for the 1950–2005 period and also to the TRWi values pro-

jected for the 2050–2100 period.

The relationships between monthly climate data (mean tem-

peratures and precipitation) and TRWi were assessed by calcu-

lating Pearson correlation coefficients for the common period

1950–2005. The temporal window of growth–climate compar-

isons included from the previous September up to the current

October. These climate–growth relationships were reexamined

by applying stepwise multiple linear regressions to identify the

effects of climate on the observed TRWi data and to project

TRWi through individual site climate-based equations.

Monthly climatic variables for each site were transformed into

normalized standard deviations to give them the same weight

in the fitted models. We used the function step of the R package

stats (R Development Core Team, 2016) using the lowest Akaike

information criterion for selecting the final regression equa-

tions. The models were fitted using generalized least-squares

estimation (GLS) and the R package nlme (Pinheiro et al., 2009).

The selected models were run to forecast the TRWi of each site

(hereafter TRWip) for the 2001–2049 and 2050–2100 periods

under the RCPs scenarios. Finally, we conducted VS-Lite mod-

els on TRWip series over the same periods to forecast growth

responses (i.e., gT, gM) and growth function parameters (T1, T2

andM1,M2) under future climate projections.

Results

Climate–growth relationships: site variability and species-
specific patterns

We detected a high site-to-site variability in the climate–
growth relationships within each tree species (Fig. 2). We

found a common significant influence of previous

September climate conditions on silver fir, positively and

negatively related to high precipitation and temperature,

respectively. This negative association with drier condi-

tions during the previous late summer augmented as ele-

vation decreased (Pearson correlation: r = 0.50, P < 0.01)

and intensified in driest rear-edge sites (e.g., GUAR site).

Warm February and April temperatures were positively

related to silver fir growth, and this effect increased with

elevation in the case of February (r = 0.28, P < 0.05). Cur-

rent wet May–July conditions were positively related to

silver fir TRWi, especially at low-elevation sites. In con-

trast, the negative relationship of June–July temperature

and TRWi increased with elevation.

Scots pine TRWi positively responded to high May–
July precipitation, especially at low elevations

(r = �0.60, P < 0.05) but also eastward. The significant

limiting effect of warm June–July temperatures on

growth decreased westward (r = �0.52) and upward,

whereas warm and dry conditions in the previous late

summer were associated with lower TRWi values, par-

ticularly at low elevations.

Mountain pine TRWi were positively related to warm

conditions during previous October–November and

current April–May temperature, and the former associ-

ation reinforced upward (r = 0.36, P < 0.05). Lastly,

July precipitation was significantly and positively

related to TRWi only in the case of the rear-edge VATE

site (r = 0.34).

Assessment of the process-based growth projections

The VS-Lite model accurately predicted the year-to-

year variability in TRWi during the 1950–2005 period

(Fig. S4). Mean correlation coefficients between

observed and simulated TRWi values were significant

in all sites (see Table S3 and Fig. S4).

The modeled growth response to temperature (gT)

and soil moisture (gM) differed among sites and species

(Fig. 3a). The mean growth response to temperature (gT)

peaked from July to August, while the growth response

to moisture (gM) dropped during summer as expected

in response to high evapotranspiration rates and soil

moisture deficit. Tree growth was limited by low tem-

peratures (gT < gM) at the beginning and end of the

growing seasons and by soil moisture availability

(gM < gT) during summer and autumn (from July to

September in silver fir; from June to October in Scots

pine; see Figs 2 and 3). In contrast to these two moisture-

sensitive species, mountain pine growth was mainly lim-

ited by low temperatures. There were exceptions to the

mountain pine pattern such as the growth constrain by

low summer moisture in the rear-edge VATE site

(Fig. S5). Similarly, some of the driest rear-edge silver fir

(e.g., GUAR) and Scots pine (e.g., CORB) sites also pre-

sented moisture-limited growth response (Fig. S5).

The estimated minimum and optimal thresholds (T1,

T2 and M1, M2) for growth confirmed the highest sensi-

tivity of mountain pine growth to cold temperatures

(maximum T2 value) and that of silver fir to low soil

moisture values (maximum M2 value; see Table S4).

Nevertheless, it is necessary to consider that these are

mean parameters for the whole studied distribution

which vary as a function of site features related to

geographical location and elevation (Fig. S6).

Modeling growth as a function of climate

The selected climate-based GLS models explained on

average 64%, 68% and 75% of the TRWi variance in silver

fir, Scots pine and mountain pine sites, respectively. The

number of climate predictors entering the GLS models

ranged from 3 to 10 (Table S5). These predictors were

similar to the most influential monthly climate variables

detected in the analyses of climate–growth relationships

(Fig. 2). The predicted TRWi series based on GLS

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 2705–2719
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climate–growth models were within the range of the

observed TRWi values for the 1950–2005 period (Figs 4

and S7).

Projected growth responses to climate warming

Under the warmest climate scenario (RCP 8.5), silver fir

and Scots pine tree growth is predicted to be

increasingly constrained by soil moisture availability

(gM < gT), thus experiencing more drought stress dur-

ing the growing season (Fig. 3b). In the case of moun-

tain pine, models predict an extended growing season

(from late winter to late autumn season) during the sec-

ond half of 21st century. Under the different forcing

scenarios, a longer dry season limitation would nega-

tively affect the growth of silver fir and Scots pine,

Fig. 2 Pearson correlation coefficients calculated between site chronologies of tree-ring width indices and mean temperature (red bars)

and total precipitation (blue bars) for the three study species (silver fir, Abies alba; Scots pine, Pinus sylvestris; and Mountain pine, Pinus

uncinata) and for the common period 1950–2005. Each box shows the 25th and 75th percentiles of correlations (lower and upper edges of

boxes, respectively), the median (thin line) correlation values. The outliers located below and above the 5th and 95th percentiles are also

displayed. The analyzed temporal window spans from previous September up to current October. The values located outside the gray

box and dashed lines indicate significant (P < 0.05) correlation coefficients. [Colour figure can be viewed at wileyonlinelibrary.com].

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 2705–2719
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especially at dry rear-edge sites located southward or

at low elevation which would become very vulnerable

to further warming and amplified drought stress

(Fig. S5).

The warmer and drier conditions projected by the

scenario tracking recent historical emissions (RCP 8.5)

forecasted a TRWi reduction in silver fir and Scots pine

during the late 21st century being this growth decline

most pronounced since 2050 (Figs 4 and S7). Contrast-

ingly, mountain pine TRWi would increase until 2100.

Considering the three species, on average a weak

decrease in TRWi is projected for the near future (2001–
2049) compared to the reference 1950–2005 period

(Table 1). In contrast, TRWi declines are forecasted for

the RCP 8.5 scenario in Scots pine (�16.4%) and silver

fir (�10.7%) forests for the 2050–2100 period, whereas a

growth enhancement is expected for mountain pine

(+12.5%).

The projected changes in TRWi vary across sites

(Table 1), following the above-mentioned geographical

and altitudinal patterns (Figs 6 and S6). The NMDS

biplots of observed TRWi displayed silver fir and

mountain pine sites along the first axis (NMDS1),

related to elevation, whereas Scots pine sites showed

more dispersion along the second axis (NMDS2) associ-

ated with latitude and longitude (Figs 5 and S8). Rear-

edge sites were mainly located at the periphery of the

biplot indicating different climate–growth associations

as compared with the rest of sites. These marginal posi-

tions of the rear-edge sites in the NMDS biplot were

even more extreme in the case of Scots pine when sub-

jected to the warmest climate scenario (RCP 8.5).

Most silver fir sites would show decreasing TRWi

trends (Fig. 6), and the strongest reductions are fore-

casted to occur in western and low-elevation sites as

the rear-edge GUAR site (Figs 6 and S7). In Scots pine,

TRWi-negative trends were mainly detected in south-

ward low-elevation sites where drought stress is

expected to intensify. Lastly, in mountain pine, TRWi-

positive trends were more prominent northward and at

high elevation where cold temperatures most constrain

growth, excepting in the case of the negative trends

observed in the rear-edge VATE site (Figs 6 and S7).

Changes in the climatic thresholds of growth

We observed an increase in the minimum temperature

threshold of growth (T1) in silver fir and a rise in the

optimum temperature growth thresholds (T2) in Scots

pine for the 2050–2100 period (Fig. 7 and Table S6).

Concomitantly, the estimated minimum soil moisture

for growth (M1) would increase for both tree species;

however, the optimum soil moisture for growth (M2)

would decrease significantly only in silver fir. Thus,

growing conditions would sharply deteriorate because

of a declining supply of soil water, being this water

Fig. 3 Simulated (VS-Lite, period 1950–2005) and projected monthly growth response curves considering temperature (gT, red lines –

mean and areas – range sites) and soil moisture limitations (gM, blue lines – mean and areas – range sites) for each tree species (a). Pro-

jected growth response curves correspond to the IPCC AR5 emission scenarios (from lowest to highest rates of warming: RCP 2.6, RCP

4.5, RCP 6.0 and RCP 8.5) for the period 2050–2100 (b). [Colour figure can be viewed at wileyonlinelibrary.com].
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limitation more pronounced in some rear-edge sites

(Figs S5, S7 and S8). In contrast, mountain pine growth

projection scenarios are characterized by warmer tem-

perature thresholds, but also smaller optimum soil

moisture conditions (M2) regardless of the emission

scenario (Fig. 7 and Table S6), and this trend is espe-

cially marked again at rear-edge sites (e.g., CAVI;

Fig. S5).

Discussion

Understanding the temporal and spatial growth vari-

ability in response to climate is fundamental to assess

forest vulnerability to forecasted climate warming. Our

projections based on a process-based model of tree

growth demonstrate that the impacts of climate

warming on forests depend on the tree species’ vulner-

ability to warmer and drier conditions, which is illus-

trated by the responses of dry rear-edge sites. So far as

we know, the forest growth vulnerability to climate

warming has not been fully investigated across driest

rear-edges of several keystone tree species, at least in

the case of Europe (Lindner et al., 2010). In addition to

the geographical and altitudinal trends in the species-

specific growth–climate relationships (Figs 2, 6 and S6)

observed in the study area, there exists a relevant site

variability modulating forest vulnerability thresholds

(Galv�an et al., 2012; Gazol et al., 2015). Such local gradi-

ents reproduce to some extent rear-, optimum and

leading-edge conditions, representing geographical

analogues of forest growth under forecasted warming

scenarios (cf. Ruosch et al., 2016). Our combination of

Fig. 4 Observed (period 1950–2005) and projected (period 2001–2100) tree-ring width indices (TRWi) for each tree species (silver fir,

Abies alba; Scots pine, Pinus sylvestris; and Mountain pine, Pinus uncinata). Means are shown as dark green lines and gray, and cyan

polygons represent the TRWi maximum and minimum values considering all sites. Projections are based on IPCC AR5 considering the

RCP 2.6 (green), RCP 4.5 (blue), RCP 6.0 (orange) and RCP 8.5 (red) emission scenarios. [Colour figure can be viewed at wileyonline

library.com].
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biogeographical and dendroecological information with

process-based modeled growth complements previous

findings based only on niche-based models (Lloret

et al., 2013; Serra-D�ıaz et al., 2013; Garc�ıa-Vald�es et al.,

2015) by demonstrating the presence of contrasting

responses to observed and forecasted climate trends

among tree populations.

The projected warming trends will have contrasting

effects on the performance of silver fir and Scots pine

across its southernmost distribution areas (Figs 4 and

5) which agrees with recent observations of growth

decline in some of these sites (Macias et al., 2006;

Andreu et al., 2007; Gazol et al., 2015). We found evi-

dences suggesting an expected growth decline at rear-

edge sites where climate tolerance is low (Figs 5 and 6)

and a notable growth improvement in cold-limited

mountain pine forests which also agrees with previous

findings (Galv�an et al., 2012).

Projected growth responses to different warming
intensities

Forecasted warmer and drier conditions led to growth

decline which would be more intense on the southern

and lower elevation sites where growth is most sensi-

tive to precipitation (Figs 3–6). On the contrary, war-

mer conditions would lengthen the growing season of

high-elevation mountain pine sites where growth

enhancement is predicted. The magnitude and speed at

which these changes might occur depend on climate

forcing and timescales, with fastest and greater growth

shifts (Figs 4 and 6) occurring under the most rapidly

warming RCP 8.5 scenario (Ruosch et al., 2016). The

most substantial impacts on growth are predicted to be

negative for several rear-edge silver fir and Scots pine

forests which agrees with late 20th-century reports of

drought-triggered growth decline (Mart�ınez-Vilalta &

Pi~nol, 2002; Macias et al., 2006; Camarero et al., 2015b).

For instance, large growth reduction would occur at

rear-edge sites as TITL (�35.5%) in the case of Scots

pine or GUAR (�19.2%) in the case of silver fir (Fig. 5).

Note that forest dieback in response to severe droughts

during the late 20th century has already been reported

in some of these sites (Camarero et al., 2011, 2015b).

This could translate into changes in species composi-

tion of these forests (Galiano et al., 2011).

These projections imply that some Scots pine and sil-

ver fir rear-edge forests could not compensate for the

growth decline forecasted during the late 21st century

under the RCP 8.5 scenario. As many rear-edge stands

(e.g., TITL and GUAR sites) are located in mountainous

areas which represent ‘cold islands’ surrounded by

Mediterranean dry conditions in the lowlands, we

expect that upward shifts would be more feasible than

northward displacements requiring very long dispersal

events in a region where land use and climate preclude

this migration type. Nevertheless, it is not clear

whether tree species will be able to track future climate

warming, and range contractions seem a plausible sce-

nario for southernmost margins (Zhu et al., 2012).

Table 1 Modeled percentage change in average tree-ring width (TRWi) for projected climate change trends (TRWip) considering

the ensemble IPCC AR5 emission scenarios (RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5). Values are calculated such as the projected

2001–2049 and 2050–2100 annual mean minus measured 1950–2000 annual mean

Tree species

2001–2049 2050–2100

Emission scenarios Emission scenarios

RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

Silver fir (Abies alba)

Mean �1.8 �0.9 �1.7 2.4 �4.1 �7.8 �9.2 �10.7

SD 1.7 0.7 0.6 1.6 3.9 5.6 4.5 5.2

Max 1.2 0.5 0.8 5.1 1.9 8.5 �3.3 �2.7

Min �6.2 �2.8 �1.6 �0.6 �11.5 �17.2 �16.7 �20.9

Scots pine (Pinus sylvestris)

Mean �2.9 �1.7 �1.2 2.5 �5.9 �11.3 �11.1 �16.4

SD 3.6 1.5 0.9 3.4 5.1 8.5 7.4 11.9

Max 2.9 2.8 �0.3 9.1 3.2 �2.6 �3.1 �5.1

Min �10.8 �4.2 �3.5 �3.2 �16.6 �31.9 �27.8 �40.6

Mountain pine (Pinus uncinata)

Mean 1.3 0.9 �0.5 �1.1 3.5 6.1 8.7 12.5

SD 2.2 1.1 0.8 1.1 6.6 7.5 7.4 7.7

Max 6.7 2.4 1.5 1.2 21.2 23.1 23.5 29.7

Min �4.1 �2.8 �2.7 �4.3 �11.2 �13.7 �11.5 �13.8
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We also observed that growth in other rear-edges

may be strongly and negatively influenced by warm-

ing-induced drought stress (see also Gea-Izquierdo

et al., 2013). Warmer temperatures can increase poten-

tial evapotranspiration and drought stress during the

growing season leading to dieback (McDowell et al.,

2008). These effects have already been observed in

some of the studied rear-edge forests in the form of

growth decline, forest dieback and rising mortality

rates (Camarero et al., 2015b). As similar episodes have

been observed in different dry regions of southern and

central Europe (Vacchiano et al., 2012; Rigling et al.,

2013), our findings corroborate the predictions of

increasing risk of drought-triggered dieback in similar

drought-prone forests (Anderegg et al., 2012).

Forest vulnerability to projected climate warming

Based on climate projections of the process-based for-

ward model of growth, the strongest temperature

increases would cause many tree populations to shift

from temperature- to moisture-limited growth, mainly

at rear-edges and dry sites where the spring–summer

conditions are close to the species’ limits of climate tol-

erance (Fig. S5). The exact temperature and moisture

thresholds should vary according to species and site

conditions (Fig. 7). In general, climatic projections cor-

respond to shorter growing seasons in silver fir and

Scots pine but longer growing seasons in mountain

pine. This would correspond to higher growth sensitiv-

ity to climate during the early growing season when

warmer conditions could lead to a rapid melting of

mountain snowpacks, increased evapotranspiration

rates in low-elevation sites and thus drier conditions

(Lavergne et al., 2015). The forecasted longer dry season

limitation would negatively affect the growth of silver

fir and Scots pine (Fig. 6) by exceeding the functional

thresholds for optimum growth responses (gT and gM),

especially on the dry species limits. In dry rear-edges,

the lowest percentage of soil moisture under which

growth is not limited (M2) was lower in summer than

in spring (Fig. 7), suggesting a prominent role of spring

water deficit to growth as has been observed in xyloge-

nesis studies (Camarero et al., 2010). On the other hand,

the minimum temperature threshold of growth (T1)

and the temperature at which growth is not limited (T2)

will increase for silver fir and Scots pine rear-edges

(Table S6), thus experiencing more drought stress dur-

ing the projected shorter growing season (Fig. 7). This

is in line with studies emphasizing the dependence of

wood formation on the duration and rate of cell pro-

duction in the early growing period when drought

stress is lower than in summer (Eilmann et al., 2011;

Cuny et al., 2012). However, both Scots pine and silver

fir may benefit from increased precipitation in fall if

temperature is high enough (Gazol et al., 2015;

S�anchez-Salguero et al., 2015). In contrast, in the case of

mountain pine, only rear-edge sites showed a response

to dry summer conditions in terms of growth reduc-

tion; for example, the VATE and CAVI sites presented

the largest growth reductions of �10% under the RCP

8.5 scenario (Fig. 6). Furthermore, growth projections

are characterized by warmer temperature thresholds

extending the growing season during the second half of

21st century, thus enhancing the growth and productiv-

ity in mesic mountain pine forests as has been observed

in the late 20th century (Galv�an et al., 2012). These posi-

tive impacts on mountain pine tree growth in response

to climate warming are predicted to occur at high-ele-

vation forests often close to the uppermost Pyrenean

forest limit. Cloudiness or a longer or deeper snowpack

could greatly condition this growth improvement by

reducing the growing season near the tree line

(Lavergne et al., 2015).

Every modeling approach has limitations, assump-

tions and handicaps. We chose this methodological

framework because it is robust and provides results

Fig. 5 Scatter plots of the first two axes of a nonmetric multidi-

mensional scaling (NMDS) showing the observed tree-ring

width indices for all sites (symbols with light colors, 1950–2005

period) and the projected indices (symbols with dark colors,

2050–2100 period) for rear-edge sites (indicated with codes; see

Fig. 1) considering the warmest emission scenario (RCP 8.5).

Blue triangles, red squares and green circles correspond to sil-

ver fir (Abies alba), Scots pine (Pinus sylvestris) and mountain

pine (Pinus uncinata) sites, respectively. The dark arrows show

the expected changes in tree-ring width indices of all sites,

while the light dashed arrows show the shift across the NMDS

biplot considering only rear-edge stands. Stands located at rear-

edge are indicated with dark color and labels (silver fir, GUAR

and MONT sites; Scots pine, CORB and TITL sites; and Moun-

tain pine, CAVI and VATE sites). [Colour figure can be viewed

at wileyonlinelibrary.com].
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that are in accordance with what has been observed

in field studies on forest vulnerability and climate-dri-

ven growth thresholds (Camarero et al., 2015b). Nev-

ertheless, process-based models show limitations

because climate constrains other demographic pro-

cesses than growth not considered in our study (e.g.,

regeneration, mortality; see Mat�ıas & Jump, 2015). We

focused on radial growth, but primary growth and

leaf phenology are also prominent components of for-

est productivity and leaf flushing is expected to

advance due to climate warming (Vitasse et al., 2011).

Furthermore, extreme climatic events and biotic dis-

turbances (e.g., cold or heat spells and insect out-

breaks) could also play an important role in driving

forest vulnerability to climate (Camarero et al., 2015a;

Ramming et al., 2014). However, climate extremes are

not fully represented by climate models and emission

scenarios (IPCC, 2013). Several studies highlighted

that the susceptibility of trees to extreme climatic

events as droughts is generally expressed by low

growth rates usually surpassing a critical minimum

threshold (Bigler et al., 2006; Camarero et al., 2015b).

This could be the case of silver fir forests which pre-

sented dieback after a sharp growth reduction in 1986

in some western rear-edge sites (Camarero et al.,

2011). Our projections indicate that such low growth

conditions could be reached in the late 21st century

(Fig. 4). Besides, the growth responses to climate

could also be modulated by species-specific reactions

to rising atmospheric CO2 concentrations which could

improve water-use efficiency and thus growth

(Keenan et al., 2011). Nevertheless, to the best of our

knowledge, most studies have reported no growth

improvements related to potential fertilization effects

in the study area (Pe~nuelas et al., 2008; Andreu-Hayles

et al., 2011; Camarero et al., 2015c). Future fertilization

effected cannot be discarded because tree species

growing in the studied area have not experienced yet

the range of CO2 atmospheric concentrations projected

by IPCC (2013) scenarios. Overall, the presented

methodological framework provides an outlook for

future improvements considering, for instance, the rel-

evant role played by climate extremes.

On the other hand, due to the size trends of tree-ring

width raw data and because of possible influences of

nonclimatic disturbances, it was necessary to base our

models on detrended TRWi (Williams et al., 2010). We

assume the potential bias caused using tree-ring width

Fig. 6 Maps displaying projected growth trends (Pearson correlation coefficients of site mean tree-ring width indices series) consider-

ing the 2001–2100 period following growth projections based on four IPCC AR5 emissions scenarios (from lowest to highest rates of

warming: RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5). Triangles pointing upward and downward indicate positive and negative trends,

respectively. Values higher than 0.25 and lower than �0.25 are significant at P < 0.05. [Colour figure can be viewed at wileyonlineli

brary.com].
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indices is small compared to the use of tree-ring width

data because the applied detrending methods preserve

much of the annual to decadal variations and led to

comparable site chronologies (Laroque & Smith, 2003).

Despite the aforementioned limitations, the high

correlation values between simulated and measured

TRWi series indicate that the VS-Lite model adequately

reproduced interannual growth site variability (Fig. 4).

For instance, showing the moisture limitations of rear-

edge dry sites (including those of high-elevation

Fig. 7 Statistics of the Bayesian estimation of the site-by-site tuned VS-Lite growth response parameters representing the temperature

(T1) or soil moisture (M1) thresholds below which growth will not occur and the optimal temperature (T2) or soil moisture parameters

(M2) above which growth is not limited by climate. Values correspond to the three study tree species (silver fir, Abies alba; Scots pine,

Pinus sylvestris; and Mountain pine, Pinus uncinata), and parameters were fitted for the 1950–2005, 2001–2049 and 2050–2100 periods

based on ensemble IPCC AR5 emission scenarios (RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5). 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 2001–2049 and 2050–2100 periods, respectively). [Colour figure can be viewed at wileyonlinelibrary.com].
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mountain pine forests) reduces the uncertainties associ-

ated with predictions of future forest vulnerability

under a warmer climate.

The large intersite variability in modeled VS-Lite

parameters (Fig. 7) may arise from differences in envi-

ronmental conditions between sites or due to contrasting

drought tolerances among tree populations caused by

local adaptation and phenotypic plasticity (Valladares

et al., 2014). In trees, the adjustment of anatomical and

functional traits to environmental variability due to phe-

notypic plasticity and genetic variability is strong at the

margins of the plants (Hampe, 2004), but the overall per-

formance of a tree species may decline as the southern-

most distributional limits are reached and vulnerability

to climatic stress increases (Vergeer & Kunin, 2013). This

could be the case for the southernmost studied tree pop-

ulations located at the lowest elevations, which were

most dependent on spring and early summer climate

conditions. Tree species show adaptive features to

increasing drought stress by adjusting their hydraulic

system (e.g., leaf area to sapwood area ratio) and phenol-

ogy to local climate, particularly those most widespread

as Scots pine (Mart�ınez-Vilalta et al., 2009) and silver fir

(George et al., 2015). Our modeling approach could help

to highlight locally adapted populations with traits pro-

viding drought tolerance and to derive predictions on

future dieback events by mapping growth vulnerability.

Identifying the responsible genetic controls of some of

these traits will aid in conservation efforts of locally

adapted range-edge tree populations which often repre-

sent unique genetic and phenotypic reservoirs (Sancho-

Knapik et al., 2014; Rehm et al., 2015). This study advo-

cates for actively preserving those rear-edge forests

where vulnerability has been demonstrated by observa-

tions (late 20th-century dieback episodes) and projec-

tions (growth decline in the late 21st century) including

actions still poorly evaluated in Europe as assisted

migration (McLachlan et al., 2007).

To conclude, the use of a process-based growth

model allowed us to define the vulnerability thresholds

of forests by quantifying growth reactions to forecasted

climate warming. The projected climate scenario corre-

sponding to the most pronounced warming forecasted

growth reduction in silver fir and Scots pine forests

until 2050, whereas high-elevation mountain pine

growth is projected to increase. Site variability often

overrode these different responses between species

because the most intense growth reduction was fore-

casted for some dry Scots pine and silver fir rear-edge

populations. These predictions imply that climate

warming would firstly lead to growth reduction in

marginal populations, where a long-term decline in

productivity could be used to portend impending die-

back or local extinction.
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