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A B S T R A C T   

Assessing tree growth patterns and deviations from expected climate baselines across wide environmental gra-
dients is fundamental to determine forest vulnerability to drought. This need is particularly compelling for the 
southernmost limit of the tree species distribution where hot droughts often trigger forest dieback processes. This 
is the case of some silver fir (Abies alba) populations located in southwestern Europe (Spanish Pyrenees) which 
present ongoing dieback processes since the 1980s. We sampled 21 silver fir stands showing different dieback 
intensity, assessed using defoliation levels, quantified their growth patterns and characterized their responses to 
climate. Then, we assessed growth deviations from climatic predictions using the process-based Vaganov- 
Shashkin (VS) growth model. The forests showing most intense dieback, i.e. highest defoliation levels, were 
mainly located in low-elevation sites of the western Pyrenees. Trees in these stands displayed the lowest growth 
rates and the highest year-to-year variability in growth and their growth was limited by late-summer evaporative 
demand. In eastern and central Pyrenees, we detected a mild growth limitation by low soil moisture during the 
late growing season and positive growth recovery in recent years with respect to a climate baseline. Decreasing 
growth trajectories were the most common pattern, while rising trends were common in stands with low dieback 
in eastern and central Pyrenees. Our results portend systematic spatial variability of growth trends across the 
Pyrenean silver fir populations forming the south-western distribution limit of the species in Europe. Decoupling 
of growth between eastern and western populations observed in the recent decades suggests contrasting 
vulnerability to climate change, and more importantly, the decoupling of growth patterns in western clusters 
could be used as an early-warning signal of impending dieback. Consequently, we foresee future dieback events 
to have more detrimental effects in the western compared with the eastern Pyrenees.   

1. Introduction 

Drought stress has become a crucial constraint of tree growth and 
vigor worldwide (Williams et al., 2013; Babst et al., 2019). Warmer and 
drier conditions expose trees to increased evaporative demand (high 
vapour pressure deficit –VPD) leading to declines in tree radial growth 

mainly in dry regions but also affecting growth in temperate and 
mountain forests (Restaino et al., 2016; Sánchez-Salguero et al., 2017a; 
McDowell et al., 2022). Moreover, increased climate variability can 
make extreme events such as droughts and heatwaves more frequent and 
severe (Spinoni et al., 2018). 

In Europe, warmer and more variable climate conditions have been 
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linked to increased forest dieback and tree mortality rates (Neumann 
et al., 2017; Gazol and Camarero 2022, Piedallu et al., 2022). Among 
European tree species, silver fir (Abies alba Mill.) is a key conifer in 
temperate mountain forests, which has shown different growth patterns 
and responses to climate across its distribution range (Büntgen et al., 
2014; Zang et al., 2014; Gazol et al., 2015; Vitali et al., 2017; Bošela 
et al., 2018; Vitasse et al., 2019). The distribution of silver fir is expected 
to shift northwards and upwards according to warmer climate pro-
jections, whereas the current range would be substantially reduced in 
southern Europe in response to warmer-drier conditions (Tinner et al., 
2013; Ruosch et al., 2016). Indeed, some populations located in the 
western Spanish Pyrenees, near the south-western distribution margin of 
the species in Europe, are showing ongoing dieback processes charac-
terized by growth decline and increasing defoliation and mortality rates 
(Gazol et al., 2015, 2019; Hernández et al., 2019). This dieback has been 
related to severe late-summer droughts, warmer temperatures and 
increased evaporative demand (Camarero et al., 2011; Vicente-Serrano 
et al., 2015; González de Andrés et al., 2022). Silver fir dieback was 
also observed in other drought-prone areas, such as south-eastern France 
(Cailleret et al., 2013; Cailleret and Hendrik, 2011), suggesting wide-
spread decline and mortality under climate warming near the southern 
distribution limit of the species in Europe. Silver fir is a shade-tolerant 
species characterized by a high sensitivity to elevated VPD which 
makes it very vulnerable to warmer climate conditions (Aussenac 2002; 
Dobrowolska et al., 2017). Therefore, it is unclear to what extent silver 
fir populations occupying a dry edge of the species range, such as those 
inhabiting the Spanish Pyrenees, will be able to grow and survive under 
warmer conditions and increasing evaporative demand (Sánchez-Sal-
guero et al., 2017a; Camarero and Gazol 2022). 

Here, we aim to characterize the spatial and temporal variability in 
the response of silver fir forest to climate. To do so, we used tree-ring 
data covering a wide longitudinal spatial gradient at the southwestern 
distribution limit of the species in the Spanish Pyrenees. First, climate 
and growth patterns were characterized in the study stands. Second, 
linear climate-growth relationships were calculated to quantify the 
growth response to climate variables. Third, the Vaganov-Shashkin 
model (hereafter VS model; Vaganov et al., 2006) was applied to fore-
cast the silver fir growth responses to summer drought stress. We cali-
brated the VS model using past tree-growth variability. Then, we 
simulated the expected growth dynamics under current climatic condi-
tions as a baseline. Growth residuals, i.e., differences between observed 
and VS-simulated growth indices, were used to assess growth tolerance 
to climatic variability over time. We linked positive residuals to efficient 
adaptation to drier climatic conditions (e.g., increased water-use effi-
ciency, deeper roots). By contrast, negative residuals were considered as 
early warning signals of dieback, assuming they reflect a deterioration of 
drought-avoidance mechanisms (e.g., xylem embolism, carbon starva-
tion). Finally, we compared climate-growth associations among 
geographical regions that could explain the divergence between 
observed and predicted growth rates. 

The main objectives of the study are: (i) to explore the spatio- 
temporal patterns of silver fir growth rates, (ii) to assess climate- 
growth responses using Pearson correlations, and (iii) to obtain VS- 
model growth residuals. To characterize the common growth patterns 
among sites and to detect if declining sites were geographically aggre-
gated, cluster analyses were applied. The VS-model residuals are used to 
foresee the silver fir growth and vigor responses under the forecasted 
climate warming. In this way, we use the VS-model as an efficient 
forecasting tool to highlight the variability in vulnerability of temperate 
mountain forests to drought stress by explicitly considering their spatio- 
temporal patterns of tree growth and responses to climate. 

We hypothesized that declining silver fir sites, i.e., those showing 
lower growth rates and higher defoliation levels, will be the most sen-
sitive to summer drought and present negative growth residuals, i.e., 
significant negative deviations of their current growth from the VS- 
modeled baseline due to pervasive vitality loses. We also expect 

declining stands will be spatially clustered and located in climatically 
marginal sites at low elevation, i.e., subjected to warmer and drier 
conditions in late summer. 

2. Materials and methods 

2.1. Study area and study species 

Silver fir shows a fragmented distribution range across the Spanish 
Pyrenees (Fig. 1), where the southwestern distribution limit of the 
species is found (Vitasse et al., 2019). Pyrenean silver fir forests occupy 
humid and cool sites near valley bottoms or in N to NW-oriented slopes 
in low-elevation sites of the western Pyrenees, often co-occurring with 
European beech (Fagus sylvatica L.). High-elevation silver fir stands in 
the central and eastern Pyrenees often coexist with mountain pine (Pinus 
uncinata Ram.). Climate conditions in the Pyrenees change from 
temperate-oceanic in the west, with cool-wet spring and winter, to 
Mediterranean in the south and east, with dry summers and moist 
autumn conditions (Vigo and Ninot 1987). 

We studied 21 silver fir stands across the Pyrenees, but mainly 
located in Spain (Fig. 1). Sites were distributed across a wide altitudinal 
range (848 to 1800 m a.s.l.) and along a longitudinal gradient (Table 1). 
The sites were grouped into geographical clusters in the western (11 
sites), central (4), and eastern (6) parts of the mountain range according 
to previous studies (Camarero et al., 2011, 2018, 2018). The tempera-
tures of the coldest months in the year range between − 6.4 ◦C and 
− 0.4 ◦C, whereas those of the warmest months range between 18.0◦ and 
26.4 ◦C. The annual precipitation totals vary between 766 and ca. 1800 
mm. The geographic, topographic, and climatic characteristics of the 
stands are presented in Table 1. Several sites recently present symptoms 
of forest dieback including low growth rates, high mortality and defo-
liation (Fig. 1). The first dieback symptoms were observed in the 1970 s 
and mid 1980 s after severe late-summer droughts (Camarero et al., 
2000). Some of the populations (e.g., Paco Ezpela, Paco Mayor, 
Gamueta, Selva de Oza) have been sampled or monitored since 
1999–2000 (Camarero et al., 2002, 2003, 2011, 2018; Macias et al., 
2006; Peguero-Pina et al., 2007; Linares and Camarero 2012a, 2012b; 
González de Andrés et al., 2014; Sangüesa-Barreda et al., 2015; Hevia 
et al., 2019). 

2.2. Climate data 

Daily mean minimum temperature (Tn), maximum (Tx) temperature 
and precipitation (Prec) of each site were obtained from the 0.1◦-grid-
ded E-OBS v. 24.0e database for the 1970–2020 period (Cornes et al., 
2018). Moreover, the annual climate water balance of each site was 
calculated as the difference between Prec and Potential Evapotranspi-
ration (PET). PET was estimated using the Thornthwaite (1948) equa-
tion with the package SPEI (Beguería et al., 2022) in R (R Core Team 
2022). We obtained the PET for the hydrological year, from prior 
October to current September to assess the evaporative demand. 

We evaluated the trends of the climatic variables (Tn, Tx, Prec and 
water balance) for each site using linear regressions. Moreover, we 
identified trend breakpoints in series of each climatic series and site 
using the function TrendAAT (trend estimation based on annual aggre-
gated time series) from the greenbrown R package (Forkel and Wutzler 
2015). 

2.3. Field sampling 

Sampling was performed from 2017 to late 2020 following Camarero 
et al. (2011). In each site, we selected between 11 and 38 dominant 
mature trees within a 100-m long and 10-m wide transect randomly 
located within the stand. We sampled on average 20 trees per stand and 
447 in total (Table 2). Tree vigor was assessed using a semi-quantitative 
scale based on the percentage of crown defoliation and considering five 
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classes (Müller and Stierlin, 1990): 0, 0–10% defoliation (healthy tree); 
1, 11–25% (slight damage); 2, 26–50% (moderate damage); 3, 51–75% 
(severe damage); 4, 76–90% (dying tree); and 5, dead trees with > 91% 
defoliation or only retaining red needles. In each site we used a tree with 
the maximum amount of foliage for a visual reference. Sites with at least 
25% of sampled trees presenting crown defoliation > 50% were 
considered as declining. Sampling was carried out following standard 
dendrochronological methods. Specifically, two increment cores per 
tree were taken at 1.3 m above the stem base and perpendicular to the 
maximum slope using 5 mm Pressler increment borers (Fritts 1976; Cook 
and Kairiukstis 1990). 

2.4. Tree growth data 

Wood samples were air-dried, glued into wooden supports, and 
polished until the rings could be clearly distinguished. All cores were 
visually cross-dated, and tree-ring widths (RW) were measured on 
scanned images (resolution 1200 dpi, EPSON XL 10000) to 0.001 mm 
precision using the CooRecorder-CDendro software (Larsson and Lars-
son 2018). The visual cross-dating and measured RW were checked 

using the software COFECHA (Holmes 1983). Next, RW series from the 
same tree were averaged together. 

We used two approaches to build mean site chronologies based on 
RW series of individual trees. First, the mean RW series of each tree were 
transformed into annual basal area increments (BAI) using the following 
equation and assuming concentric rings: 

BAI = π(R2
t − R2

t− 1), (1)  

where R indicates stem radius and t refers to years. Finally, we averaged 
BAI from individual series into mean chronologies per each site. In 
addition, we characterized intra-annual variability in tree growth by 
means of standardized RW chronologies. To do so, we divided each in-
dividual RW series by fitted linear or negative exponential functions to 
remove long-term trends in growth due to changes in tree size. The first- 
order autocorrelation of residuals was removed by autoregressive 
modelling and mean site chronologies of pre-whitened RW indices were 
obtained using bi-weight robust means. While residual chronologies 
retained high-frequency variability and removed any longer trends, BAI 
chronologies reflected both year-to-year and decadal variability. To 
ensure that growth trends in BAI are not confused with demographic 

Fig. 1. (a) Distribution range of silver fir (Abies alba) in Europe showing the Pyrenees distribution area (rectangle showing the approximate region shown in plot (c)). 
(b) Picture of the Villanúa (VI site) forest taken in May 2022 showing signs of dieback. (c) Map of the study area in the Pyrenees showing the distribution of the 21 
study sites grouped into four different clusters (shown as different colors): West A (blue), West B (purple), Center (red) and East (green) clusters. The background grey 
scale shows the elevation (from white to black), and the blue lines the major rivers. 
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changes in the stand structure, we restricted the use of BAI chronologies 
to relatively short segments in mature phases of the stand development 
for calibration of the wood formation model (see chapter 2.7). In total, 
we built 23 RW chronologies corresponding to 21 sites. In two study 
sites (PE, PM), we sampled declining and healthy trees and obtained two 
RW chronologies per site. However, for the individual analyses we 
selected only the healthy chronology in both sites (Tables 1 and 2). Tree- 
ring data processing was performed using the dplR package (Bunn 2008, 
2010, Bunn et al., 2022). 

To characterize and compare chronologies among sites several 
dendrochronological statistics were calculated, including mean and 
standard deviation of RW and BAI, first-order autocorrelation (AR1) of 

RW, which measures year-to-year growth persistence, and mean sensi-
tivity (MSx) of standardized RW indices, which is a relative measure of 
growth change between consecutive rings (Fritts 1976). The Expressed 
Population Signal (EPS) was also calculated to assess internal replication 
and coherence of chronology compared with a theoretical infinitely 
replicated chronology (Wigley et al., 1984). We considered the 
threshold of EPS > 0.85 for selecting robust segments of each chronol-
ogy. Accordingly, all subsequent analyses were restricted to the period 
1970–2017/2020 (see Table 2), which is the best-replicated period 
common to all sites. To evaluate relationships among site mean values 
(climatic variables, elevation, defoliation, BAI, BAI trend), Pearson (r) or 
Spearman (rs) correlations were used for normally and non-normally 

Table 1 
Characteristics of silver fir forests sampled in the Pyrenees. Climate data (mean annual minimum and maximum temperature, sum annual precipitation, and sum 
annual water balance) correspond to the 1970–2020 period. The column defoliation shows the percentage of trees with crown defoliation higher than 50 %. The last 
column shows the sites’ clusters (WA, west A; WB, west B; C, center; E, east) based on their growth series (see Fig. 1).  

Site (code) Latitude 
N 

Longitude –W, 
+E 

Elevation 
(m) 

Min. temp. 
(◦C) 

Max. temp. 
(◦C) 

Precipitation 
(mm) 

Water balance 
(mm) 

Defoliation 
(%) 

Cluster 

Burgui (BU) 42◦ 42′ − 1◦ 00′ 840  − 0.9  25.4 884 249 22 WA 

Fago (FA) 42◦ 44′ − 0◦ 53′ 918  − 1.7  24.5 819 210 10 WA 

Paco Ezpela (PE)1 42◦ 45′ − 0◦ 52′ 1232  − 1.7  24.5 865 256 28 WB 

Lopetón (LO) 42◦ 46′ − 0◦ 52′ 1009  − 1.7  24.5 894 284 30 WB 

Gamueta (GA) 42◦ 53′ − 0◦ 48′ 1400  − 4.4  20.3 1603 699 0 WA 

Selva de Oza (SO) 42◦ 50′ − 0◦ 42′ 1195  − 4.7  20.1 1453 680 0 WA 

Paco Mayor (PM)1 42◦ 42′ − 0◦ 38′ 1353  − 4.3  21.1 924 410 25 WB 

Peña Oroel (PO) 42◦ 31′ − 0◦ 32′ 1587  − 1.9  26.4 1191 560 15 WA 

Lierde (LI) 42◦ 42′ − 0◦ 33′ 1222  − 4.8  20.5 1194 695 0 WA 

Castiello de Jaca 
(CA) 

42◦ 39′ − 0◦ 31′ 1175  − 2.5  24.7 903 305 20 WA 

Paco de Villanúa 
(VI) 

42◦ 41′ − 0◦ 30′ 1234  − 4.2  22.2 1194 661 15 WA 

Bujaruelo (BJ) 42◦ 41′ − 0◦ 07′ 1240  − 6.4  18.6 1100 577 5 C 
Diazas (DI) 42◦ 38′ − 0◦ 06′ 1528  − 6.4  18.8 1090 639 0 C 
Chate (CH) 42◦ 34′ − 0◦ 05′ 1180  − 3.5  23.8 903 332 10 C 
Cotatuero (CO) 42◦ 39′ − 0◦ 03′ 1640  − 6.4  18.8 1050 599 15 C 
Ballibierna (BA) 42◦ 38′ 0◦ 35′ 1600  − 6.1  18.0 903 451 0 E 
Conangles (CN) 42◦ 37′ 0◦ 46′ 1800  − 5.8  18.1 1055 595 0 E 
Port Ainé (PA) 42◦ 25 1◦ 12′ 1740  − 4.1  20.1 788 273 0 E 
Boumort (BO) 42◦ 13′ 1◦ 11′ 1583  − 2.2  23.5 766 155 0 E 
Aude (AA) 42◦ 52′ 2◦ 03′ 990  − 0.4  23.4 1124 498 15 E 
Setcases (SE) 42◦ 37′ 2◦ 27′ 1750  − 3.8  19.1 1011 503 0 E  

1 In these two sites, declining (PED, PMD) and non-declining (PEH, PMH) trees were sampled. 

Table 2 
Descriptive statistics of radial growth series. Sites codes are defined in Table 1. The basal area increment (BAI) trend was calculated since 1970 onwards. Variables’ 
abbreviations: SD, standard deviation; AR1, first-order autocorrelation; MSx, mean sensitivity; EPS, Expressed Population Signal.  

Cluster Site No. 
trees 

No. 
radii 

Maximum age at 1.3 m 
(yrs.) 

TRW 
(mm) 

SD 
(mm) 

BAI 
(cm2) 

SD 
(cm2) 

BAI trend (cm2 

yr− 1) 
AR1 MSx Period with EPS >

0.85 

WA BU 11 20 136  3.21  1.48  14.75  1.01  − 0.53  0.88  0.17 1968–2017 
WA FA 25 50 137  2.50  1.01  17.38  0.84  − 0.35  0.75  0.21 1888–2019 
WB PEH 20 37 188  1.45  0.81  9.50  0.74  0.31  0.81  0.26 1920–2019 
WB PED 19 33 158  1.25  0.68  8.12  0.37  0.05  0.81  0.25 1920–2019 
WB LO 15 30 133  1.89  0.94  11.43  0.89  0.35  0.83  0.23 1896–2020 
WA GA 29 59 462  1.52  0.76  21.16  0.65  0.13  0.86  0.20 1810–2019 
WB SO 20 40 201  2.38  1.10  21.26  0.43  0.04  0.84  0.20 1895–2019 
WB PMH 19 34 125  1.64  0.98  9.38  0.81  0.36  0.84  0.26 1920–2019 
WB PMD 19 40 170  1.53  0.93  12.94  0.85  − 0.57  0.84  0.25 1920–2019 
WA PO 12 24 150  1.45  0.58  8.87  0.20  − 0.03  0.79  0.20 1870–2019 
WA LI 34 67 95  3.11  1.36  31.59  0.55  − 0.05  0.71  0.20 1868–2017 
WA CA 17 34 225  1.14  0.68  7.51  0.37  − 0.14  0.83  0.23 1893–2017 
WA VI 33 55 140  1.82  0.85  12.22  0.71  − 0.31  0.84  0.25 1892–2017 
C BJ 12 12 99  2.57  1.44  16.35  0.75  − 0.31  0.93  0.15 1968–2017 
C DI 16 27 112  2.88  1.22  19.50  0.97  0.33  0.83  0.19 1945–2019 
C CH 11 11 66  2.90  0.88  14.35  0.78  0.32  0.73  0.16 1968–2017 
C CO 15 28 152  1.40  0.60  9.80  0.47  0.14  0.86  0.18 1895–2019 
E BA 32 54 173  2.36  1.05  24.33  0.53  − 0.15  0.81  0.18 1894–2018 
E CN 12 12 168  2.76  1.34  28.09  1.31  0.58  0.86  0.20 1868–2017 
E PA 16 31 362  1.60  0.51  12.82  0.30  0.07  0.74  0.17 1895–2019 
E BO 38 66 217  1.93  0.68  14.82  0.64  0.16  0.79  0.21 1871–2020 
E AA 11 13 187  1.90  1.43  24.24  1.58  − 0.59  0.87  0.24 1968–2017 
E SE 15 30 79  1.76  1.01  6.83  0.20  − 0.07  0.92  0.17 1945–2019  
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distributed variables, respectively. 

2.5. Clustering of silver fir chronologies 

To characterize the common growth patterns among the 21 study 
sites, spatially constrained hierarchical cluster analysis and non- 
hierarchical or partitional clustering were performed. The inputs into 
both clustering methods included site RW residual chronologies. For the 
hierarchical clustering, the Ward clustering method was used with the 
package Stats in R (Murtagh and Legendre 2014) in R. The hierarchical 
clustering was spatially constrained based on the forests’ locations. Once 
each site was assigned to the cluster, we obtained mean annual or daily 
values of several variables for each cluster (climate variables, BAI, 
simulated growth indices). 

2.6. Climate-growth relationships 

To assess climate-growth relationships at the site scale, we calculated 
the Pearson correlation coefficients between the residual RW chronol-
ogies and daily climate data (Tx, Tn and water balance) considering the 
period 1970–2017/2020. Correlations were calculated for daily climatic 
data averaged for all possible windows with duration between 30 and 
90 days starting from the 1st January of the year before the specific tree- 
ring formation and ending on the 31st December of tree-ring formation 
year. The resulting correlations were plotted into a matrix to highlight 
shifts of climate-growth responses. Correlations were calculated using 
the dendrotools package (Jevšenak & Levanič, 2018) in R. We also 
assessed how monthly climate variables drove year-to-year growth 
variability to determine the evolution of the climate response. We 
calculated for each site Pearson correlation coefficients between the site 
residual chronologies of RW indices and monthly and seasonal climate 
data (temperature and precipitation) considering the common period 
1970–2020 and two subperiods (1970–2000 and 2001–2020). 

2.7. Growth simulations using a process-based model 

To produce a baseline of climate-driven growth after 2000 s we 
simulated the intra-annual growth patterns of each site using the 
process-based model of wood formation, namely VS model (Vaganov 
et al., 2006) implemented in the VS-Oscilloscope 1.37 software (Shishov 
et al., 2016). For each site, we used the daily climate variables (mean 
temperature, precipitation) and growth data (BAI chronologies). BAI 
chronologies were preferred for calibration of the VS model of wood 
formation since they better represent the annual intensity of physio-
logical processes responsible for wood production compared to RW 
chronologies (Tychkov et al., 2019). We set the cambial parameters of 
the growth model as constant for all sites, and the rest of the parameters 
were calibrated for each site (Table S1). To do so, we varied all pa-
rameters inside their reasonable intervals and selected the combination 
of parameters that maximized the Pearson correlation coefficient be-
tween observed and simulated BAI series and the Gleichläufigkeit sta-
tistic, which measures the percentage of common signs in year-to-year 
growth change (Buras and Wilmking, 2015). The models were calibrated 
over the period 1970–2000 and, next, run on an independent period 
since 2001 to validate their temporal stationarity. We assumed that the 
VS model calibrated during 1970–2000 will produce a baseline of 
climate-driven growth after 2000 under the assumption that the tree 
growth responds to climatic variation in an unchanged way. By contrast, 
systematic deviations of observed BAI series from simulated baselines in 
verification period should highlight processes driving the decoupling of 
radial growth from its climatic constraints over time. The VS model 
assumes non-linear response of radial growth to climate variation and 
hence it is significantly less sensitive to climate-growth non-stationarity 
under ongoing climate change compared to traditional linear methods 
(Tumajer et al. 2023). Therefore, we considered residuals of the model 
after 2000 as robust signs of health deterioration or adaptation, i.e., 

processes beyond the mechanisms of regular climate-growth responses. 
These might include defoliation and dieback (negative residuals) or 
adaptation through reduced competition or deeper root system (positive 
residuals). Therefore, we compared mean residuals of the observed BAI 
chronologies and simulated series after 2000 between sites and clusters. 

The VS model simulates daily integral growth rates (Gr) depending 
on the partial growth rates due to temperature (GrT) or soil moisture 
(GrM), both reflecting main climatic limiting factors of wood formation. 
The model focuses on cambial activity and assumes that daily growth 
rates are non-linearly limited by low temperature (low GrT) or reduced 
soil moisture (low GrM) depending on specific daily climatic conditions. 
The limitations due to solar radiation (GrE) depend on site latitude and 
vary systematically with a day length. We plotted mean intra-annual 
patterns of limitations for each site due to GrT (high temperature) and 
GrM (drought). Next, we compared mean pattern of GrM in a known 
drought year 1985–86 with the years with average climatic conditions 
preceding and following the event. 

3. Results 

3.1. Climate trends 

Both maximum (r = -0.60, p = 0.004) and minimum (r = -0.57, p =
0.007) temperatures decreased as site elevation increased, but no sig-
nificant relationship was found between the water balance and site 
elevation (Table 1). Since the 1970 s, the annual water balance has 
decreased at a mean rate of − 2.11 mm yr− 1 with a range from − 3.40 to 
− 1.60 mm yr− 1, while potential evapotranspiration clearly rose after the 
1980 s, particularly in the western study area (Fig. 2. and S1). Trends in 
water balance did not differ between geographical clusters. Minimum 
and maximum temperatures increased in all sites at mean rates of +
0.08 ◦C yr− 1 and + 0.01 ◦C yr− 1, respectively (Fig. S1). The rates of 
minimum temperature increase were positively related to site longitude 
(r = 0.61, p = 0.003), whereas the rates of maximum temperature in-
crease were negatively related to site latitude (r = − 0.44, p = 0.047). We 
found trend breakpoints of minimum temperatures in 1986 and 1998 for 
all silver-fir clusters excepting the east cluster, which only showed a 
significant trend change in 1998 (Fig. S2). Water balance trends showed 
significant relationship with site latitude (r = 0.88, p < 0.001), longitude 
(r = − 0.47, p < 0.05) and elevation (r = − 0.63, p < 0.01) (Fig. S3). 

3.2. Growth patterns of Pyrenean silver fir forests 

The mean age at 1.3 m of sampled trees was 172 years with a range 
from 66 (Chate) to 462 years (Gamueta). The mean (±SD) BAI was 16.11 
(±4.73) cm2. The mean AR1 and MSx were 0.82 ± 0.06 and 0.20 ±
0.03, respectively. The mean BAI value of each site was positively 
correlated with the site water balance (r = 0.43, p = 0.05), but nega-
tively related to the site defoliation (rs = -0.58, p = 0.006). Site defoli-
ation increased as site mean maximum temperature did (rs = 0.66, p =
0.001; Table 1). Furthermore, the site MSx and defoliation were posi-
tively associated (rs = 0.48, p = 0.03), i.e., declining sites with more 
defoliated trees showed a higher year-to-year variability in growth 
(Table 2, Fig. S4). 

The clustering analyses confirmed systematic differences between 
residual chronologies between western, central, and eastern cluster 
(Fig. S5). Moreover, it also highlighted significant heterogeneity inside 
the western cluster. The clustering analysis clearly differentiated be-
tween the eight sites with moderate growth decline (west A cluster) and 
the three sites with the highest defoliation levels across entire Pyrenees 
with steep growth increase in 2000s followed by a steady decline (west B 
cluster; Paco Ezpela, Lopetón and Paco Mayor; Table 1). 

3.3. Climate-growth relationships 

The daily climate-growth correlations revealed differences between 
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geographical clusters (Fig. 3). Western sites showed stronger climate- 
growth correlations compared with central and eastern sites. In the 
west B cluster, where dieback is intense, the positive responses to prior- 
summer and current June climate water balance were more marked than 
in any other cluster. Several sites from the western clusters were char-
acterized by negative responses to high maximum temperatures in the 

prior late summer and current early summer. Only few sites with low 
defoliation levels in the eastern cluster showed climate-growth re-
sponses to maximum temperatures and water balance comparable to the 
western clusters (e.g., Ballibierna, Conangles). Several sites from the 
west (Burgui, Castiello de Jaca, Villanúa) and center (Cotatuero) clusters 
showed negative responses to minimum temperatures. The monthly 

Fig. 2. Potential evapotranspiration of the hydrological year (a) and annual climatic water balance (b) for the four silver-fir clusters from 1970 to 2020.  
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growth-climate relationships showed a loss of sensitivity in 2001–2020 
as compared with 1970–2000 (Fig. S6). 

3.4. Simulated intra-annual growth patterns and inferred climate 
constraints 

In the calibration period (1970–2000), significant correlations were 
obtained between observed and simulated BAI series for all sites 
(Table S2, Fig. 4). However, in the verification period (2001–2017/ 
2020) some sites presented non-significant (e.g., Cotatuero, Boumort, 
Setcases) or even negative correlations (Ballibierna, Conangles, Port 
Ainé) (Table S2). The correlations during the verification period were 
high for sites from the western clusters but they dropped towards the 

eastern parts of Pyrenees. 
Mean simulated intra-annual growth rates indicated that low soil 

moisture constrained silver fir growth mainly in the west A and B 
clusters. In all clusters, growth was limited by both low winter tem-
peratures and summer/autumn drought stress according to VS-model 
simulations (Fig. 5 and S7). The growth limitation by water shortage 
was confirmed when considering the severe 1985–1986 drought, when 
soil moisture clearly constrained silver fir growth in the west A and B 
clusters (Fig. S8). 

3.5. Recent divergence between observed and simulated growth 

Residuals between observed BAI chronologies and simulations 

Fig. 3. Climate-growth correlations between mean ring-width chronologies and daily minimum air temperature, maximum air temperature, and water balance in 21 
silver-fir sites (period 1970–2020). Climate data were aggregated for windows with duration between 30 and 90 days. The y axes indicate the duration of the 
aggregation period in days, whereas the × axes indicate the center of the aggregation window. The ‘p’ letter indicates aggregation windows whose center corresponds 
to days of the year preceding to the year of the tree-ring formation. Sites are ordered according to their longitude from West to East and are colored as the four 
clusters shown in Fig. 1c. 
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showed slightly declining trends in the west A cluster since 2000s. By 
contrast, a sharp increase in residuals was observed in the west B cluster 
around 2000s followed by a steady decline afterwards. In the center and 
east clusters, the increase of BAI residuals after 2000s was moderate. 
Chronologies based on declining trees showed more negative residuals 
compared to their clusters’ means both in the west A and east clusters 
(Fig. 6). 

4. Discussion 

Forest dieback in silver fir western Pyrenean stands is ongoing as 
climate conditions become warmer and drier, mainly affecting low- 
elevation sites (Camarero et al 2011; Gazol et al. 2023). We found the 
highest defoliation levels in sites from the west B cluster, where linear 
climate-growth correlations showed a tight coupling of radial growth 
with climate variability. By contrast, the drought limitation was weaker 
in the eastern part of the Pyrenees, where climate constrains to a lesser 
extent tree growth. In agreement with observed defoliation levels, some 

Fig. 4. Simulated (red lines) and observed 
(blue lines) basal area increment (BAI) series 
for each site. The VS model was fitted consid-
ering the period 1970–2000 and then used to 
simulate growth after 2001 (dashed vertical 
lines separate both periods). Continuous blue 
and red lines show observed and simulated BAI 
series, respectively, and dashed lines their 
smoothed values. Values on top of the charts 
indicate Pearson correlations between simu-
lated chronologies for calibration (1970–2000) 
and verification periods (since 2001). 
Observed and simulated BAI series were stan-
dardized (values in y axes).   
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sites in the western A cluster (e.g., BU, CA and VI) showed recent 
negative BAI deviations from the simulated baseline. This deviation and 
the increasing defoliation and mortality rates suggest forest dieback 
would aggravate in these stands. By contrast, the growth trends 
observed within central and eastern sites exceeded baseline simulation, 
suggesting improved responses to changing environment or less stressful 
conditions during a warming hiatus (Ballantyne et al., 2017). We 
consider that the residuals between modeled and observed BAI reflect 
processes that might potentially lead to future forest dieback events as 
illustrated in the western cluster by observed high levels of defoliation in 
agreement with negative residuals. 

The geographical pattern of strong silver fir dieback in the western 
Pyrenees and relatively healthy and vigorous stands in eastern Pyrenees 
could be explained by at least two factors. First, the seasonal distribution 
of precipitation is different across the range with higher winter-spring 
precipitation in the west unlike the higher summer-fall precipitation 
in the east which could alleviate summer drought stress (Camarero et al., 
2011). Moreover, maximum temperatures grew more rapidly in western 
sites since 1970s, whereas minimum temperatures increased more in 
eastern than in western Pyrenean sites. Accordingly, climate water 
balance has decreased more in low-elevation western sites subjected to 
increasingly warmer conditions. In a recent study, Zweifel et al. (2021) 
found that silver fir had greater intra-annual growth rates than other 
species because its capacity to initiate growth early at night Higher 
temperatures and VPD, and less humidity, in sun exposed western silver 
fir forests such as Paco Ezpela or Paco Mayor can substantially reduce 
water availability, impairing growing hours during nighttime, thus 
resulting in low growth rates. Second, western silver fir populations are 
genetically less adapted to tolerate summer drought than eastern pop-
ulations due to the westward post-glacial migration of the species 
(Matías et al., 2016). The importance of different post-glacial histories 
for the growth sensitivity of silver fir populations to summer drought has 
already been revealed in studies across several European regions (Bošela 
et al., 2016; Vitali et al., 2017). Future research should verify contri-
bution of genetic predispositions and indirect effects of management 
legacies to tolerance of summer atmospheric drought in western and 
eastern Pyrenean silver fir lineages. 

Our results depict important implication regarding the observed 
differences between eastern and western populations for the future re-
sponses of silver fir to ongoing climate change. The post-2000 BAI re-
siduals were mainly negative in the western part, but steady or positive 
in eastern and central parts of mountain range. This regional pattern 
suggests contrasting vulnerability of silver fir to cope with climate 
change. Current growth in the western region lacks behind the climatic 
baseline suggesting possible physiological weakening following long- 
term climate dryness (Gazol et al., 2015). Despite the VS model did 
not account for indirect effects of warmer conditions, as regards 

increased evaporative demand (rising VPD), it was able to pinpoint sites 
most vulnerable to water shortage, which show dieback and lowest vigor 
levels. Other frameworks considering eco-hydrological models could be 
combined with the VS model to identify VPD thresholds leading to 
growth decline and dieback in silver fir (Vicente-Serrano et al., 2015). 

Sites showing dieback (high defoliation levels, low BAI values) in the 
western part of Pyrenees seem to be particularly sensitive to water 
deficit in the previous late summer and the current growing season, 
according to data of wood density, tree ring nutrients and intrinsic 
water-use efficiency (Camarero and Gutiérrez 2007; Linares and 
Camarero 2012b; Hevia et al., 2019; González de Andrés et al., 2022). 
Further, we observed significantly stronger climate-growth correlations 
for western sites, where tree growth is probably close to its physiological 
limits due to harsh drought stress. By opposite, the eastern Pyrenees 
provides mild climatic conditions, where the effect of ongoing climate 
change may be buffered (Sánchez-Salguero et al., 2017b). Sites with 
highest defoliation levels and low growth rates (BAI) from the west B 
cluster also showed a higher year-to-year variability in growth. How-
ever, the interpretation of the rise in non-climatic growth residuals in 
that region with the highest dieback incidence is not straightforward. 
Growth releases might be interpreted as a recovery signal induced by 
stand thinning following mortality events and may be related to the loss 
of growth responsiveness to climate since the 2000 s (Gazol et al., 2023). 
Overall, previous studies have demonstrated that growth variability 
provides an early-warning signal of dieback and impeding mortality in 
those remaining trees (Camarero et al., 2011, 2015; Sangüesa-Barreda 
et al., 2015). 

This research illustrates the spatial variability of silver fir growth 
trends in the Pyrenees. Our results highlight a decoupling of growth 
between eastern and western populations in the recent decades, sup-
porting contrasting climate sensitivity an enhanced vulnerability to 
climate change towards the west of the mountain range. It should be 
noted, however, that warming trends has been less intense during the 
last decades (Ballantyne et al., 2017). This can explain divergent pat-
terns because in those sites where climate has surpassed fir’s tolerance 
limits (i.e. western sites) the amelioration of warming has no beneficial 
impacts (Sánchez-Salguero et al., 2017b). Conversely, in central sites the 
less intense warming may have favored growth recovery and stimulate it 
by extension of growing season and faster cambial kinetics in spring. We 
foresee that future events such as recurring droughts will have more 
detrimental effects in the western compared to the eastern silver-fir 
stands of the Spanish Pyrenees. 

5. Conclusions 

The clustering of tree-ring width chronologies helped to disentangle 
the spatial patterns of silver fir dieback, which was characterized by 

Fig. 5. Simulated partial and integral (black lines) growth rates obtained from the VS model averaged in the four silver-fir clusters (West A, West B, Center and East) 
for the period 1970–2000. The partial growth rates correspond to growth limitations due to temperature (red lines) or soil moisture availability (blue lines). The 
higher the value of partial growth rate, the less limiting effect of given climatic variable on radial wood formation. Integral growth rate is the simulated rate of radial 
growth with higher values of integral growth rate indicating faster radial growth. DOY is the day of the year. 
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high defoliation levels, low growth rates and growth below the simu-
lated baseline since 2000s in low-elevation sites from the western Pyr-
enees subjected to increasingly warmer conditions. Climate-growth 
correlations confirmed that silver fir dieback was triggered by a negative 
water balance during the previous late summer and by low soil moisture 
levels during the current late growing season. Sites showing dieback are 
probably vulnerable to both sources of climate stress. The presented 
framework using the VS model of wood formation allowed linking 
current dieback extent with the decoupling of observed and simulated 
tree-ring width indices. The use of the VS model to calculate growth 
deviations with respect to a climate baseline could be further explored 
to: (i) evaluate post-dieback growth recovery, and (ii) detect emerging 
dieback hotspots. 
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