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Michele Colangelo b,e, Ángela Sánchez-Miranda c, Angelo Rita e,f, Francesco Ripullone e, 
J. Julio Camarero b,* 

a Centre for Functional Ecology, Department of Life Sciences, University of Coimbra, Calçada Martim de Freitas, 3000-456 Coimbra, Portugal 
b Instituto Pirenaico de Ecología (IPE-CSIC), Avda. Montañana 1005, E-50192 Zaragoza, Spain 
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A B S T R A C T   

Tree species inhabiting riparian forests under Mediterranean climate have evolved to face summer water 
shortage but may fail to cope with future increases in drought severity. Thus, understanding tree growth 
phenological variations in response to environmental conditions is necessary to assess the impact of seasonal 
drought in riparian forests. In this study, we investigated the response of stem radial growth to climate in the 
narrow-leaved ash (Fraxinus angustifolia) over its distribution in southern Europe. We simulated intra- and inter- 
annual growth patterns using the Vaganov-Shashkin (VS) model considering five sites subjected to summer 
drought but showing different climate conditions. The growth pattern in this species varied from unimodal in 
cool-wet sites to facultative bimodal in warm-dry sites. Bimodal patterns were characterized by two growth 
peaks coinciding with favorable climate conditions in spring and autumn. The spring growth peak occurs earlier 
(May) in warm-dry sites than in wet-cool sites (June–July). The variation in the season growth length and growth 
timing suggests different strategies adopted by this species to cope with summer drought. The VS model revealed 
different growth patterns across which would be relevant in predicting the response of this and other riparian 
tree species to climate warming and aridification. Differences in the length of the growing season, timings of 
growth peaks and the shift from unimodal to bimodal growth patterns should be considered when assessing 
growth adjustments to future climate scenarios.   

1. Introduction 

Climatic projections for the Mediterranean Basin predict increases in 
temperature and precipitation (Lelieveld et al., 2012), which are ex-
pected to have important impacts on forests due to shifts in tree growth 
phenology and growing season length (Peñuelas and Filella, 2001). 
While climate warming is expected to advance growth onset in Medi-
terranean tree species, higher temperatures would also rise evapo-
transpiration rates and intensify aridification shortening the effective 

growth period (Gordo and Sanz, 2010). In Mediterranean regions 
repeatedly exposed to seasonal summer drought, climate warming and 
increased drought have driven canopy dieback and growth decline in 
some riparian tree species, such as black alder (Valor et al., 2020), and 
common and narrow-leaved ash (Akilli et al., 2013; Enderle et al., 2019; 
Gomes Marques et al., 2018; Hauptman et al., 2016; Hultberg et al., 
2020). 

Trees can however adjust growth rates to changing environmental 
conditions, such as air and soil temperatures, day length, and soil water 
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content (Vaganov et al., 2006). In seasonal arid regions, the ability to 
coordinate secondary growth with favorable environmental conditions 
and limit or even cease growth during unfavorable periods, such as the 
dry Mediterranean summer, is critical (Mitrakos, 1980). For instance, 
species-specific phenological responses are modulated by climate site 
conditions (e.g., temperature, soil water content), which determine 
species’ capacity to face climate change (Chuine et al., 2000) and cap-
ture resources (Nord and Lynch, 2009). In cold-limited areas, 
warming-driven extended phenology may point to increased resource 
acquisition (Nord and Lynch, 2009), which can enhance tree growth 
(Begum et al., 2013; Sánchez-Salguero et al., 2018a; but see Etzold et al., 
2022) and promotes range shifts (Nadal-Sala et al., 2019). Although 
extended growing seasons are expected at cold sites in response to 
climate warming, a similar phenological response remains questionable 
at mid-latitude, seasonally dry sites (Ziaco et al., 2018) such as Medi-
terranean regions. At these drought-prone sites, the potential benefit of a 
longer growing season due to warming may be compromised by an 
extended period of water shortage. 

Mediterranean tree species usually have high capacity to adjust 
growth to current conditions, which is advantageous to face the double 
stress imposed by rainfall (dry summers) and temperature (cold winters, 
particularly in continental or mountain areas) seasonality (Mitrakos, 
1980). As a result, cambial activity in several Mediterranean tree species 
follows a bimodal pattern to benefit from favorable conditions in spring 
and autumn (Camarero et al., 2010; Cherubini et al., 2003), which is 
responsible for the formation of intra-annual density fluctuations 
(Campelo et al., 2007, 2018). This bimodal growth pattern is species- 
and site-dependent, varying from facultative to mandatory, and depends 
on site climate conditions (Campelo et al., 2021; Pacheco et al., 2018). 
Therefore, in the Mediterranean Basin, where rainfall show high vari-
ability at the intra- and inter-annual scale (Serrano-Notivoli et al., 
2018), the capacity of trees to adjust their growth rates to climate 
conditions, particularly soil water availability, is critical under a 
warming context (Garcia-Forner et al., 2019; Vieira et al., 2019). 

Tree growth responses to climate have been poorly investigated in 
riparian tree species such as shallowly-rooted, water-spending (aniso-
hydric) ash species whose growth often depends on shallow soil water 
sources (Köcher et al., 2009; Singer et al., 2013; Stella et al., 2013). 
Floodplain and riparian forests are also highly threatened by land con-
version, hydrogeomorphological alterations such as dam building or 
gravel extraction leading to channel bed incision, which generally re-
duces water availability (e.g., Stella et al., 2013), and direct ground-
water capture through drainage (e.g., Mikac et al., 2018). Therefore, 
severe and prolonged droughts might change hydrological regimes (e.g., 
descending groundwater levels) making these forests more vulnerable to 
further aridification triggering drought-induced dieback (Skiadaresis 
et al., 2019). On the other hand, it could be expected that higher soil 
water availability in Mediterranean riparian and floodplain forests could 
buffer them against drought impacts because trees could access 
groundwater and precipitation-derived soil moisture (Heklau et al., 
2019; Camarero et al., 2021a, 2021b). 

In the Mediterranean basin, the narrow-leaved ash (Fraxinus angus-
tifolia Vahl) is the main ash species with a relatively large geographical 
distribution and ecological amplitude, extending from riparian areas 
with permanent water availability to floodplains with occasional floods 
(Gomes Marques et al., 2018). Because precipitation is the primary 
source of vadose zone soil moisture it is expected that the F. angustifolia 
growth is linked to variables reflecting soil water availability (e.g., 
precipitation, drought severity; cf. Camarero et al., 2021a, 2021b; 
Rodríguez-González et al., 2021). In addition to the ash’s sensitivity to 
low summer precipitation, habitat changes may explain its current en-
dangered status in regulated basins, which favors its replacement by 
other tree species better adapted to thrive in closed stands (Janík et al., 
2016; Trlin et al., 2021). Here we argue that narrow-leaved ash trees 
adjust their growth pattern and growing season length to prevailing 
climatic conditions (cf. Sánchez-Salguero and Camarero, 2020), 

minimizing exposure to summer drought stress while maximizing car-
bon assimilation (Chuine, 2010; Saderi et al., 2019). For this reason, 
understanding the intra-annual growth dynamics of this species would 
allow improving the management and conservation of threatened 
Mediterranean riparian ecosystems (Stella et al., 2013). The information 
gathered from process-based growth models and growth responses to 
climate can be used to forecast the responses to climate of Mediterra-
nean riparian forests (e.g., Sánchez-Salguero et al., 2018b). 

Here we investigate how narrow-leaved ash (hereafter referred to as 
ash) adjusts stem radial growth to climatic conditions at five sites along 
a geographic gradient in precipitation and temperature. We use tree-ring 
width data to fit the process-based Vaganov-Shashkin (VS) growth 
model to: (i) assess radial growth responses to climate, (ii) evaluate the 
relative importance of temperature, precipitation and soil water content 
as drivers of radial growth, and (iii) investigate how intra-annual growth 
patterns respond to climate across ash populations. We expect that this 
species may shift the intra-annual growth pattern from unimodal, with a 
growth peak around the summer solstice, in continental, cold-wet sites 
to bimodal in coastal, warm-dry sites. We also expect a shorter growing 
season in cold-wet sites and a longer growing season in warm-dry sites. 

2. Material and methods 

2.1. Study sites and tree species 

The five sites selected for this study cover contrasting environmental 
conditions across the ash distribution area (Table 1). Three sites were in 
Spain, one in southern Portugal and another one in northern Italy 
(Fig. 1). The two driest-warmest sites are located on the south-western 
coast of the Iberian Peninsula: the Odelouca (ODE) site is located on 
the Odelouca river (southern Portugal) and the Doñana (DON) site is 
located in the Doñana floodplain forest (southwestern Spain). The other 
sites in Spain are two sites situated in the Ebro basin: Soto de la Remonta 
(near Tudela – TUD– and Nieva de Cameros, La Rioja – NdC). The last 
site (Ticino, TIC) is located in the “Parco Lombardo della Valle del 
Ticino” (Lonate-Pozzolo basin) within the Ticino Valley Natural Park 
(Northwest Italy). The Iberian sites have negative annual water bal-
ances, whereas the Italian site has a positive water balance. The sites are 
dominated by ash which is a non-phreatophytic, hydrophilic, moder-
ately thermophilic and heliophilous species, with shallow roots that 
usually do not penetrate gravel substrates and use mainly vadose zone 
water to maintain tree growth, making it very sensitive to fluctuations in 
soil moisture (Camarero et al., 2021a, 2021b). For detailed information 
on stand structure and climatic conditions at the five study sites see the 
Supplementary material (Methods S1). 

2.2. Climate data 

Due to the lack of long-term, homogeneous local climate data in the 
study sites, the CRU TS ver. 4.04 gridded database was used (Harris 
et al., 2014). For each site, we downloaded long-term series of mean 
temperature and precipitation corresponding to the nearest 0.5◦ grid 
point, using the Climate Explorer webpage (https://climexp.knmi.nl). 
The gridded data were used to calculate monthly water balance as the 
difference between precipitation and potential evapotranspiration 
(P-PET), which was estimated using a modified Thornthwaite method. 

2.3. Field sampling and dendrochronological data 

We selected from 6 to 17 mature and dominant trees per site 
(Table 2). For each tree the diameter was measured at breast height 
(Dbh), i.e. at 1.3 m, and two increment cores were sampled using 5-mm 
Pressler increment borers. Cores were air dried, mounted on wooden 
supports and carefully sanded. Tree rings were visually cross-dated and 
tree-ring widths were measured to the nearest 0.01 mm using a stereo-
microscope and the LINTAB measuring table device connected to a 
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computer with the TSAP-Win (Time Series Analysis Program) software 
(Rinntech, Heidelberg, Germany). Cross-dating quality of tree-ring se-
ries was evaluated using the COFECHA program (Holmes, 1983). 
Cambial age at 1.3 m was given by the maximum number of rings when 
the pith was present and the curvature of the innermost rings was used 
to estimate pith offset when the pith was absent in the core. 

To remove age-related growth trends and competition effects, a one- 
step detrending was applied to each tree-ring width series, using the 

packages dplR (Bunn, 2008) and detrendeR (Campelo et al., 2012) for 
the R program (R Development Core Team, 2021). Cubic smoothing 
splines with 50% frequency-response cutoff equal to 2/3 of the indi-
vidual series length were applied to remove low- to medium-frequency 
signals and enhance the year-to-year variations. Then, the first-order 
autocorrelation was removed by fitting autoregressive models. Finally, 
ring-width chronologies were obtained for each site by averaging re-
sidual series using a bi-weight robust estimate of the mean to reduce 

Table 1 
Location of the study sites. Mean annual temperature (MAT), total annual precipitation (P), potential evapotranspiration (PET), annual and summer (JJA, June to 
August) water balance (P-PET) is given for the period 1970–2009, data from the closest grid-point (CRU TS4.04).  

Site  Latitude (N) Longitude (W/E) Elevation (m) MAT (◦C) P (mm) PET (mm) P-PETannual (mm) P-PETJJA (mm) 

Doñana DON 37◦06’ 6◦39’ W 69 18.2 525.3 1344.1  -818.8  -544.5 
Odelouca ODE 37◦14’ 8◦30’ W 120 16.6 617.5 1093.1  -475.5  -428.3 
Nieva de Cameros NdC 42◦13’ 2◦40’ W 980 9.13 734.5 940.3  -205.8  -303.8 
Tudela TUD 42◦07’ 1◦35’ W 257 14.2 543.3 1118.5  -575.2  -396.5 
Ticino TIC 45◦26’ 8◦50’ E 202 12.8 1104.2 776.7  327.5  -113.1  

Fig. 1. Location of the five study sites across southern Europe; the color scale shows annual water balance calculated as precipitation (P) minus potential evapo-
transpiration (PET). Climatic diagrams of the studied sites for the period 1970–2009 based on data downloaded from the Climatic Research Unit (CRU TS4.04). Site 
abbreviations: DON, Doñana; NdC, Nieva de Cameros; ODE, Odelouca; TIC, Ticino; TUD, Tudela. 

Table 2 
Number of trees and dendrochronological statistics of Fraxinus angustifolia populations at studied sites. Abbreviations: Dbh, diameter at breast height; TRW, tree-ring 
width; AR1, first-order autocorrelation; Ms, mean sensitivity, Rbar, mean inter-series correlation; EPS, Expressed Population Signal. The Rbar and the EPS values were 
calculated using residual-series for the best-replicated period (1970–2009).  

Site No. trees (cores) Dbh (cm) Age at 1.3 m (years) TRW (mm) AR1 MS Rbar EPS Period (EPS > 0.85) 

DON 12 (23) 30.0 ± 1.2 61 ± 12 2.18 ± 0.41  0.71  0.31  0.36  0.87 1947–2014 
ODE 12 (24) 46.0 ± 3.0 62 ± 13 3.97 ± 0.91  0.62  0.37  0.32  0.83 1953–2009 
NdC 6 (12) 31.9 ± 1.9 45 ± 13 2.32 ± 0.53  0.67  0.27  0.65  0.94 1963–2015 
TUD 17 (26) 31.0 ± 2.0 47 ± 12 2.77 ± 0.43  0.63  0.33  0.26  0.86 1970–2016 
TIC 16 (23) 36.0 ± 1.4 59 ± 14 3.21 ± 0.74  0.66  0.27  0.21  0.80 1969–2017  
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outliers’ effect. The statistical quality of each chronology was evaluated 
using the following variables: first-order autocorrelation (AR1), mean 
sensitivity (MS), mean correlation between series (Rbar) and Expressed 
Population Signal (EPS) (Fritts, 1976). The EPS defines how well the 
developed chronologies represent a theoretical, infinitely replicated 
chronology (Wigley et al., 1984). Following these authors, we used a 
threshold of EPS > 0.85 to determine the best-replicated period for each 
chronology and to define the reliable common-period for all chronolo-
gies. Mean tree-ring width, MS and AR1 were calculated on raw data, 
whereas indexed-series were used to compute Rbar and EPS (Table 2). 

For each site, the residual ring-width (TRWi) chronology was used to 
investigate the climatic signal and calibrate the VS model. For the 
common period (1970–2009), Pearson correlations coefficients were 
calculated between monthly climatic variables (mean air temperature, 
precipitation, soil water content) and TRWi chronologies for each site 
(Table 3). 

2.4. Vaganov-Shashkin process-based model of tree-growth 

The VS model was used to simulate TRWi as a function of daily 
temperature (T) and precipitation (P), based on the principle of limiting 
factors (Evans et al., 2006; Vaganov et al., 2006). For each site, the daily 
precipitation sums and mean daily temperatures were extracted from 
the E-OBS gridded (0.1◦ spatial resolution) climate dataset (v25.0e; 
Cornes et al., 2018). The VS model was calibrated by tuning 10 pa-
rameters (Table S1) using a simple optimization algorithm for the period 
1970–2009. Due to the short best-replicated common period (n = 40) to 
all sites, no validation procedure on independent data was performed. 
To avoid model over-fitting, a restricted and realistic range of values for 
each parameter was defined (Table S1). To ensure that all models were 
tuned under the same conditions, both the random seed (999) and the 
initial values were the same for all models. In addition, each parameter 
was optimized one after the other, while the remaining parameters were 
kept constant at their previous optimized values. In doing so, all pa-
rameters were tuned automatically. 

Lastly, phenological growth events including the dates of growth 
onset, growth peak and growth cessation (presented as DOY, day of the 
year) were derived from daily growth rates simulated by the VS model. 

2.5. Statistical analyses 

A Principal components analysis (PCA) was applied to the covariance 
matrix of residual chronologies to evaluate the shared variance among 
chronologies for the period 1970–2009 to detect growth and spatial 
patterns. The PCA was performed by singular value decomposition, 
using the R function prcomp after standardizing variables to have mean 

zero and standard deviation one. In the principal component graph 
(biplot), site representation was based on the magnitude of the corre-
lation (loadings) between sites and the given principal component. The 
scores of the three first PCs were used to estimate spatial Pearson cor-
relations (p < 0.05) with soil water content. 

To assess climate-growth associations, Pearson correlations were 
calculated by relating ring-width indices (residual chronologies) with 
monthly and seasonal climatic variables (mean air temperature, pre-
cipitation, and soil water content) from previous October to September 
of the year of tree-ring formation. Both the PCA and the correlations 
were calculated for the period 1970–2009. 

3. Results 

3.1. Tree-ring width and climate data 

Well-replicated tree-ring width chronologies were produced in the 
five study sites (Table 2). The shortest and longest chronologies were 57 
years and 96 years long in the coldest site (NdC) and in the wettest site 
(TIC), respectively. The widest tree-rings were found in the dry-warm 
ODE site (3.97 mm yr− 1), while the narrowest rings were found in the 
driest DON site (2.18 mm yr− 1). Growth rates in TUD (2.77 mm yr− 1) 
and TIC (3.21 mm yr− 1) sites showed similar values, whereas the coldest 
NdC site showed low growth rates (2.32 mm yr− 1). The highest value of 
AR1 was found in the DON site, whereas the lowest was found in the 
ODE site (Table 2). In this site, MS reached the maximum value, while 
lower MS values were found in NdC and TIC. The best-replicated com-
mon period (1970–2009) was defined by EPS > 0.85 (Table 2 and  
Fig. 2). For the period 1970–2009, the Rbar and EPS values peaked in 
DON and NdC sites, while the lowest values were found in the wet TIC 
site. 

3.2. Local climate-growth responses 

Only TIC and TUD sites showed positive correlations between growth 
and precipitation in summer (June and August in TUD and July in TIC). 
Tree-ring width chronologies were positively correlated to February 
temperature in the DON and ODE sites, which suggests that warmer 
conditions could advance growth onset (Table 3). A negative correlation 
was found between growth rates and temperature in June (July) in TIC 
(TUD). In TIC, growth correlated directly with July precipitation. In 
DON and ODE, growth showed a positive correlation with April—May 
soil water content (Table 3), whereas in the other sites the highest 
correlations with soil water content were found in July (in TIC) and June 
and August (NdC and TUD). 

Table 3 
Pearson’s correlation coefficients between residual chronologies and monthly climatic data (TMP, mean temperature; PRE, total precipitation; and SWC, soil water 
content) for the best-replicated period 1970–2009. Values in bold indicate significant correlations at p < 0.05. Site abbreviations: DON, Doñana; NdC, Nieva de 
Cameros; ODE, Odelouca; TIC, Ticino; TUD, Tudela.  

Variable Site oct nov dec JAN FEB MAR APR MAY JUN JUL AUG SEP oct-SEP APR-MAY JUL-AUG 

TMP DON  -0.01  -0.04  0.22  0.21  0.37  0.15  -0.11  -0.17  0.10  0.08  0.01  0.30  0.20  -0.19  0.05 
ODE  0.21  0.13  0.49  0.32  0.43  0.20  0.02  -0.04  0.09  -0.01  0.01  0.25  0.36  -0.02  0.00 
NdC  -0.44  0.31  0.11  -0.06  -0.06  -0.15  0.08  -0.24  -0.18  -0.13  0.01  0.07  -0.09  -0.13  -0.07 
TUD  -0.14  0.05  0.01  0.04  0.23  -0.11  0.09  -0.16  -0.21  -0.33  -0.06  -0.09  -0.13  -0.06  -0.23 
TIC  0.02  -0.07  0.03  -0.26  -0.13  -0.07  0.08  -0.03  -0.33  -0.22  -0.03  0.07  -0.18  0.02  -0.16 

PRE DON  0.09  0.30  0.17  0.21  0.19  -0.03  0.28  0.22  -0.08  -0.19  -0.28  0.04  0.47  0.34  -0.28 
ODE  0.12  0.33  0.39  0.25  0.25  -0.10  0.37  0.14  -0.12  0.10  -0.22  0.02  0.58  0.36  -0.08 
NdC  0.38  0.14  0.17  -0.02  -0.15  -0.10  0.04  0.22  0.20  0.21  0.22  -0.14  0.41  0.18  0.27 
TUD  0.01  0.31  0.00  0.18  -0.14  0.00  0.03  0.28  0.35  0.08  0.33  0.02  0.46  0.22  0.25 
TIC  0.23  0.04  -0.34  0.18  0.06  0.12  0.14  0.22  0.25  0.37  -0.02  -0.26  0.29  0.28  0.18 

SWC DON  0.12  0.31  0.31  0.34  0.42  0.39  0.51  0.54  0.44  0.42  0.37  0.30  0.47  0.54  0.40 
ODE  0.11  0.33  0.46  0.47  0.49  0.42  0.58  0.57  0.47  0.45  0.43  0.41  0.56  0.59  0.44 
NdC  0.41  0.40  0.45  0.28  0.32  0.26  0.24  0.32  0.35  0.36  0.41  0.26  0.50  0.30  0.40 
TUD  0.34  0.46  0.36  0.38  0.29  0.26  0.25  0.38  0.50  0.43  0.51  0.51  0.55  0.34  0.49 
TIC  0.06  0.03  -0.11  0.02  0.04  0.11  0.19  0.26  0.35  0.55  0.26  -0.06  0.20  0.26  0.42  
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3.3. Regional climate—growth responses 

The PCA biplot of the first two principal components (PCs), which 
accounted for 60.1 % of the common variance in growth rates, allowed 
disentangling relationships among sites (Fig. 3). The first three PCs of 
the PCA accounted for 81.3 % of the shared growth variance. Chronol-
ogies from DON and ODE loaded positively on the first PCA axis (PC1) 
(Fig. 3 and Table S2), whereas NdC and TUD loaded negatively on the 
second PCA axis (PC2). The TIC chronology loaded positively on the 
third PCA axis (PC3). Chronologies from south-western Iberia (DON and 
ODE) were highly correlated (r = 0.73, p < 0.001), whereas north- 
eastern chronologies (NdC and TUC) showed no significant correlation 
(r = 0.25, p = 0.11). 

The dependence of ash growth on soil water content is evident in the 
spatial correlations for the first three PCs derived from ring-width 
chronologies (Fig. 4), reflecting the importance of soil water content 
over the growing season to determine growth variations (Table 3). A 
strong positive correlation was found between soil water content and the 
PC1 scores (Fig. 4), whereas PC2 scores (inverted values) showed high 
positive correlations with July soil water content in north-eastern Iberia. 
Finally, the third principal component (PC3) showed positive correla-
tions with April–June soil water content in northern Italy (TIC site). 

3.4. VS model: intra-seasonal growth patterns 

Positive correlations between observed and VS simulated chronolo-
gies were found in all sites confirming the robustness of fits (Table 4). 
The highest correlations were found in ODE (r = 0.61) and TIC 
(r = 0.58). Differences in the intra-annual growth pattern estimated by 
the VS model were caused by differences in the limiting climatic factors 

of growth among sites (Fig. 5). In all studied sites, the VS model simu-
lations were in agreement with the correlations obtained between ring- 
width chronologies and climatic variables (Table 3). In DON and ODE 
sites, the main limiting factor was soil water content along the growing 
season (Fig. 5), while in TUD the limiting factor changed over the 
growing season, with low temperatures being limiting in winter and low 
soil water content in the other months. In NdC and TIC sites, tree growth 
was limited by coldness during the start and end of the growing season 
(Fig. 5). The intra-annual growth pattern predicted by the VS model 
shows geographic variation, being unimodal at the TUD and NdC sites, 
whereas at the dry-warm DON and ODE sites a facultative bimodal 
growth pattern appeared (Figs. 6 and 7). In the wet-cool TIC site a 
tendency towards a second growth peak in late summer was observed. 

The length of the growing season and the existence of a summer 
quiescent period showed also great variation among sites. At the DON 
and ODE sites, the growing season was longer and presented a summer 
stop, whereas in the other sites the growing season was shorter and high 
growth rates could occur during the summer. Short growing seasons 
were predicted by the VS model for cold sites (NdC and TIC), with the 
site at the highest altitude (NdC) showing the shortest growing season 
(Fig. 6). The short-duration of the growing season in NdC and TIC was 
associated with a unimodal growth pattern without a summer quiescent 
period (Fig. 7). 

3.5. VS model: phenological growth events 

The timing of growth onset ranged from middle February 
(DOY ~ 50) to late April (DOY ~ 110). The dry-warm DON and ODE 
sites started to grow earlier than the other sites, while the coldest NdC 
site was the last to start to growth (Fig. 6). The wet TIC site showed low 
intra-site variation in terms of the timing of growth onset. The timing of 
maximum growth showed high inter-site variability, ranging from early 
May (DOY ~ 130) to late June (DOY ~ 180) and the intra-site vari-
ability was low in the NdC site (Fig. 6). Considering growth cessation 
dates, the DON and ODE sites showed high variability, probably linked 
to their bimodal growth patterns. Low variability was observed for 
growth cessation in NdC and TIC sites. 

4. Discussion 

Our results demonstrated that F. angustifolia populations adjusted 
their radial growth phenology to site climate conditions, including 
features such as growing season length, intra-seasonal growth patterns, 
and the time when the growth rates are highest. These findings support 
our first hypothesis that this species maximizes tree growth by adjusting 
the intra-annual growth pattern to local climate conditions. As expected, 
longer growing seasons with bimodal growth patterns were predicted 
for dry-warm coastal sites, whereas in inland wet-cold sites the growing 
season was shorter and growth followed a unimodal pattern. In the wet- 
cool TIC site a slightly bimodal pattern was found, but without summer 
stop. This work shows that the VS model and similar process-based 
models can be applied to assess tree growth responses under different 
climate conditions. 

4.1. Climate-growth responses: the importance of soil moisture 

Tree growth in ash was very coupled to climate conditions during the 
growing season, in particular to soil water content, which revealed 
differences between sites (Fig. S1). In fact, the highest correlations were 
obtained between monthly soil water content and growth (Table 3), as 
expected for non-phreatophyte species. At the dry-warm DON and ODE 
sites, positive correlations between February temperatures and chro-
nologies suggested that growth onset could be anticipated by warmer 
conditions (Begum et al., 2018), which agree with phenological obser-
vations in F. excelsior (Roberts et al., 2015), with leaf unfolding 
advancing by 6.8 days for each 1 ◦C increase (Vitasse et al., 2009). 

Fig. 2. Observed (thick lines) versus Vaganov-Shashkin simulated (thin lines) 
ash ring-width chronologies considering the best-replicated common period 
(1970–2009). The Pearson correlation coefficients (r) between observed and 
simulated chronologies are given for each site and are significant (p < 0.05) in 
all cases. 
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Besides, an earlier spring growth onset in the study region could be 
driven by the intensive flow of warmer Atlantic air masses linked to 
changes in the North Atlantic Oscillation phases (Camarero, 2011; Ahas 
et al., 2002; Hurrell, 1995). This is confirmed by spatial significant 
positive correlations between late-winter temperature over western 
Iberia and PC1 scores (Fig. S2). The spatial analysis reveals also that 
chronologies from closer sites (DON-ODE and NdC-TUD) shared a 
common signal (Fig. 4) that could be combined to represent the regional 
hydroclimate variability in Iberian major river basins. 

Hydrological year precipitation is crucial to maintain high levels of 
soil water content during the growing season (Fig. S3), which is the main 

growth-limiting factor in Mediterranean forests (Pacheco et al., 2016, 
2018). The lack of rainfall signal in summer at DON and ODE sites could 
be explained by low monthly precipitation (< 20 mm) that is not 
enough to compensate evapotranspiration due to high temperatures 
(Campelo et al., 2007; González-Muñoz et al., 2015), in contrast to 
significant correlations with June and July precipitation (> 30 mm) 
found in NdC and TIC sites. In the wettest (TIC) and coldest (NdC) sites, 
growth responses to soil water content peak in summer (July and 
August, respectively), suggesting a late growth onset and peak, which 
reduces the susceptibility to late spring frosts (Polgar and Primack, 
2011). 

Fig. 3. Chronologies’ loadings plotted on the first two principal components (PC1, PC2) of a Principal Component Analysis (PCA). The PCA was calculated on the 
matrix of the five residual ring-width chronologies, considering the period 1970–2009. The variances explained by the two first principal components are indicated 
between parentheses and shown in the inset where the dashed line indicates the 20 % variance threshold. 

Fig. 4. Spatial correlations between the three first principal components (PCs) and soil water content (SWC) for the period 1970–2009. The sign “− ” indicates 
inverted scores for PC2. Color dots show the five study sites. Correlations which were not significant (p > 0.05) have been masked out. 
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4.2. Climate impacts on intra-annual growth patterns 

The intra-annual growth patterns estimated by the VS model 
matched the relationships observed between ring-width chronologies 
and soil water content (Fig. 6 and Table 3). Furthermore, at each site the 
timings of maximal growth estimated by the VS model agree with the 
timing of highest correlations with soil water content. For instance, at 
the driest-warmest DON and ODE sites, warmer temperatures in 
January–February drove an earlier onset of growth and an earlier 
growth peak around April–May (Fig. 6), which is a safe mechanism to 
maintain low growth rates during the summer drought (Vieira et al., 
2020) without compromising annual growth. In southwestern Iberia, 
dry soil conditions and high summer temperatures led to reduced or 

Table 4 
Vaganov-Shashkin parameters estimated for each site and for the best-replicated common period (1970–2009). The last line shows the Pearson correlation coefficients 
(r) between observed and simulated chronologies which were significant (p < 0.05) in the five sites (see Fig. 2). The description of each parameter is given in Table S1.   

Units DON ODE TUD NdC TIC Mean ± SD 

T1 
◦C 4.91 4.15 8.49 5.03 10.50  6.62 ± 2.74 

T2 
◦C 13.78 15.58 13.03 14.41 16.42  14.64 ± 1.36 

T3 
◦C 23.33 22.18 20.5 23.28 21.82  22.24 ± 1.19 

T4 
◦C 27.65 26.21 25 34.93 26.24  28.01 ± 3.98 

M1 v/v 0.062 0.056 0.075 0.097 0.050  0.07 ± 0.02 
M2 v/v 0.396 0.202 0.330 0.211 0.351  0.30 ± 0.09 
M3 v/v     0.80   
M4 v/v     0.95   
M0 v/v 0.46 0.35 0.35 0.43 0.37  0.39 ± 0.05 
Mmin v/v     0.065   
Mmax v/v     0.65   
Pmax mm 45 45 80 85 70  65.00 ± 19.04 
rootD mm 600 1000 700 700 950  790 ± 174.64 
c1 –     0.75   
c2 mm/day     0.13   
c3 ◦C− 1     0.19   
Λ –     0.0005   
tbeg day     10   
Tbeg ◦C 142 140 130 111 141  132.8 ± 13.10 
Vcr –     0.05   
r – 0.56 0.61 0.49 0.56 0.58  0.56 ± 0.05  

Fig. 5. Mean daily growth response curves (gT, gM) simulated by the Vaganov- 
Shashkin model for the period 1970–2009. The growth responses consider 
temperature (gT, red lines) and soil moisture limitations (gM, blue lines) for the 
five sites (see Table 1 for sites codes). Note that mean gM values (thick blue 
lines) decrease from wet-cold (TIC and NdC) to dry-warm sites (ODE, DON and 
TUD), indicating stronger growth limitations by lower soil moisture. 

Fig. 6. Density of growth peak (day of the year; DOY) and mean daily growth 
rates simulated by the Vaganov-Shashkin model. 
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even arrested growth, suggesting that early spring phenological events 
may be offset by the drought’s adverse effect on growing season length 
(Eilmann et al., 2011). In DON and ODE sites, a second peak of growth 
could be triggered by early autumn rains, resulting in a bimodal growth 
pattern. In the wettest TIC site, the high precipitation observed over the 
growing season led to wood formation being almost decoupled from 
climate conditions, with the only significant correlation found for tem-
perature (precipitation) in June (July) which corresponded to the period 
growth peak (Fig. 6). In addition, a tendency towards a late-summer 
second growth peak was observed, suggesting a potential to grow in 
response to wet autumn conditions. Some of these results agree with 
previous findings in ash stands located in a humid continental site in 
Croatia (Trlin et al., 2021). 

4.3. Variable intra-annual growth patterns are contingent on site climate 
conditions 

We showed that intra-annual growth patterns of ash growing under 
contrasting climatic conditions can be precisely simulated by the VS 
model. Monthly growth simulations revealed differences in intra-annual 
growth patterns among sites, as observed for other non-riparian Medi-
terranean tree species growing in drought-prone areas (Pacheco et al., 
2018). Intra-annual growth simulations reveal regional differences in 
ash growth dynamics that concur with the differences observed in 
climate-growth associations (Fig. 6 and Table 3). Ash showed three 

growth patterns: one with a long growing season with a facultative 
bimodal pattern at the warm DON and ODE sites, a short growing season 
with a unimodal pattern at the cold NdC and TUD sites, and a short 
growing season with a slight bimodal pattern in TIC. This species was 
able to adjust the length of growing season and the timing of growth 
peak in response to local climatic conditions, which could be particu-
larly advantageous to face increased climate variability (Vieira et al., 
2019). The early growth onset in DON and ODE sites is consistent with 
the variability observed along geographical gradients in which spring 
phenological events occur earlier at warmer sites (Ahas et al., 2002). 

At the driest-warmest DON and ODE sites, simulated growth rates 
began to decline in late spring and growth resumed after the summer 
only in years whose late-summer and early-autumn precipitation was 
sufficient for soil replenishment (Carvalho et al., 2015; Eilmann et al., 
2011; Pasho et al., 2012). Trees in DON and ODE sites experience a 
similar growth reduction period during the dry summer, but while the 
autumn peak coincides almost perfectly in time, the first peak of high 
activity in spring and the summer growth fall between peaks was 
advanced by ~ 2 weeks in the DON site. This advancement could be 
attributed to an earlier start of water shortage at DON than ODE, which 
agrees with low growth activity in Pinus halepensis Mill. observed during 
the driest days in summer (Pacheco et al., 2018). The bimodal growth 
pattern was more evident at the dry-warm DON and ODE sites than in 
the TUD and NdC cold sites (Fig. 7), where a right-skewed unimodal 
growth pattern occurred instead (see also Tumajer et al., 2021). Ac-
cording to Pacheco et al. (2018) a more pronounced bimodal growth 
pattern is observed at coastal sites with high precipitation, mild weather 
conditions, and long growing seasons. Our findings support a bimodal 
growth pattern at coastal, mild sites with long growing seasons and a 
pronounce dry period in summer (Campelo et al., 2021), albeit a slight 
bimodal pattern was also observed at the wet TIC site, but with no 
summer interruption. 

4.4. Significance of VS model parameters to address growth phenology 

We showed that the parameters estimated by the VS model reflect 
species-specific responses in terms of growth phenology, but also dif-
ferences of climatic and hydrological conditions across the species’ 
distribution area. The VS model results suggest that this species can 
adjust the growing season length and intra-annual growth rates to local 
conditions. In Mediterranean sites, trees can anticipate growth start to 
ensure that high growth rates are attained before the onset of summer 
drought, maximizing growth to match favorable conditions (day length, 
temperature and soil water content). However, anticipating the growing 
season onset, which permits a longer potential growing season, has an 
associated cost: maintaining activity during the dry summer. Thus, the 
longer growing season observed in the Mediterranean region is associ-
ated with two main growth peaks interrupted by the summer stop 
caused by low water availability, which can last for almost 4 months at 
DON and ODE sites. In these dry-warm sites, a second period of growth 
could occur in autumn, but only in some favorable years, the so-called 
facultative bimodal growth pattern (Campelo et al., 2018, 2021). At 
similar sites, warmer temperatures could extend the growing season by 
anticipating (delaying) the start (end) of the growing season towards the 
species specific photoperiod threshold. However, summer drought can 
trigger an earlier cessation of growth despite favorable conditions in 
terms of photoperiod and temperature (Lempereur et al., 2017; Vieira 
et al., 2020). For instance, Ziaco et al. (2018) observed high inter-annual 
growth variability in Pinus ponderosa Douglas ex C. Lawson mainly 
driven by water availability. In continental sites where mean annual 
temperature is lower, such NdC and TUD, the growing season tends to be 
shorter and growth follows a unimodal growth pattern. On the other 
hand, in the coastal warmer DON and ODE sites, temperature is 
all-year-round higher than the minimum threshold for tree growth 
(~ 5 ◦C) and water availability becomes limiting during summer, lead-
ing to the splitting of the potential longer growing season into two main 

Fig. 7. Daily growth simulated by the Vaganov-Shashkin model for each site. 
Black lines represent the mean growth simulated for years with an earlier 
growth stop (before DOY 242), whereas color lines indicate years with longer 
growing seasons ending after August. 
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periods of growth. 
The positive growth responses of ash to increased prior-winter 

temperatures observed in ODE and DON agree with Gomes Marques 
et al. (2018). Carbon uptake and wood formation can be improved by 
climate warming (Way and Oren, 2010), but this effect could be coun-
terbalanced by warming-induced evapotranspiration that drives water 
deficit and triggers reduction in stem radial growth and carbon fixation 
(Granier et al., 2007). This agrees with previous biogeographical studies 
that found severe growth reductions in Mediterranean tree species at 
warmer and drier sites (Sánchez-Salguero and Camarero, 2020). In fact, 
exceptionally early stem growth cessation (DOY ~ 180) could occur in 
extremely dry years as forecasted by VS simulations. According to 
Leuschner et al. (2001), summer drought can enhance fine-root growth 
thus increasing belowground carbon demands and reducing stem 
growth, a secondary carbon sink. Additionally, in the warm DON site, 
phreatic level variations, nutrient availability and soil type could be 
involved in the reduction of ash growth (Rodríguez-González et al., 
2010, 2017), whereas in TUD changes in flood regime could also impact 
ash performance (Camarero et al., 2021a, 2021b). The expected increase 
in temperatures predicted by climate models will affect differently 
growth in ash populations across its distribution area, with carbon up-
take decreasing in the driest-warmest sites (e.g., DON and ODE), 
whereas the opposite could be observed in cold and wet sites (e.g., NdC 
and TIC). 

4.5. Site-conditions’ effects on intra-annual growth dynamics 

Geographical patterns were detected in growth responses to climate 
and in intra-annual growth patterns simulated by the VS model (Fig. 6), 
suggesting that local conditions, such as temperature and soil water 
content, are the main drivers of growth differences among sites. Under 
the xeric conditions of DON and ODE sites, the onset of the growing 
season seems to be driven by temperature and photoperiod (Vieira et al., 
2014b), whereas at the cold NdC mountain site cooler temperatures 
drove a noticeable delay in growth onset and timing of maximal growth 
rates. Day length and temperature are important environmental cues to 
determine tree growth phenological events in winter deciduous tree 
species (Basler and Körner, 2012; Liu et al., 2018). In sites where spring 
frosts are rare (DON and ODE), bud break could depend on photoperiod 
and temperature (Marquis et al., 2020). 

Phenological responses to climatic warming may reach thresholds 
once rising temperatures drive phenology towards the species-specific 
photoperiod threshold (Basler and Körner, 2012). The intra-specific 
variation in the date of growth onset simulated by the VS model also 
reflects the spring frost probability experienced at different sites 
(Marquis et al., 2020). At the two driest DON and ODE sites, monthly 
radial growth simulations showed a strong growth decrease during the 
summer in response to soil moisture reduction. Similar results have been 
found in non-riparian tree species growing under Mediterranean cli-
mates such as Juniperus thurifera L., P. halepensis and Pinus pinaster Aiton 
(Camarero et al., 2010; Campelo et al., 2021; Pasho et al., 2012; 
Vicente-Serrano et al., 2010; Vieira et al., 2020), but also in riparian tree 
species (Nadal-Sala et al., 2019). In drought-prone areas, a longer 
growing season does not always means more tree growth, since 
ring-width depends more on radial growth rates rather than on growing 
season length (Li et al., 2021; Ren et al., 2019; Vieira et al., 2020; Zhang 
et al., 2021; Ziaco et al., 2018). This dependence on growth rates is 
partially explained by the quiescent summer period imposed by water 
stress and the existence of two main periods of growth, the so-called 
bimodal growth pattern (Camarero et al., 2010). In fact, the VS 
growth simulations suggested that summer drought can trigger a short 
growing season at the driest sites (Fig. 6). In wet riparian forests of 
central Europe, droughts can limit radial growth during the driest 
summer periods, when soil water content is below critical thresholds, 
and improve water-use efficiency but also can increase productivity due 
to warmer conditions (Mikac et al., 2018; Kowalska et al., 2020; 

Schnabel et al., 2022). 

4.6. Simulated phenological growth events 

The growth onset in the five ash populations was estimated to occur 
between DOY 50 and 110, while the growth cessation occurs always 
before DOY 310, suggesting that all populations were not able of 
extending their growth further into fall (Evans et al., 2016). These es-
timates agree with our current knowledge on ash species xylem 
phenology, whose first earlywood vessels start to enlarge before bud-
burst to ensure that are functioning before leaves were fully expanded 
(Sass-Klaassen et al., 2011; Gričar et al., 2020). 

In DON and ODE sites, the potential growing season is longer (from 
middle February to early November) with a growth peak around May 
(DOY ~ 140), whereas in the coldest NdC site the growing season is 
shorter and the timing of growth peak occurs later (DOY ~ 180), 
reflecting the later growth onset. At low altitude sites, the most influ-
ential period for tree growth is around May, when soil moisture is 
highest (Camarero et al., 2021a, 2021b), whereas at high elevation sites 
it occurred later (June, July), which is indicative of a shorter growing 
season due to low temperatures (Huang et al., 2020). The timing of the 
maximum growth in TIC and NdC sites were close to those reported for 
conifers in cold environments (Duchesne et al., 2012), which generally 
synchronize maximum radial growth rates with day length (Rossi et al., 
2006), whereas in dry sites the growth peak must be synchronized with 
soil-water availability. 

Differences in growth onset and in the growing season length may 
explain the differences in the timing of maximal growth. The timing of 
autumn cessation appears to be less variable in continental sites, 
possibly because it is primarily determined by photoperiod but 
enhanced by low temperatures (Atkinson et al., 2013). On the other 
hand, in coastal mild sites, the timing of growth cessation shows greater 
variability because along with being triggered by decreasing photope-
riod and temperature it can also be anticipated by drought stress (Vieira 
et al., 2014a). 

5. Conclusions 

The growth onset in ash trees growing across its southern Europe 
distribution was driven by temperatures, regardless the soil water con-
tent observed at that time. We found that at dry-warm sites, warmer 
temperatures in spring permit an earlier growth onset, pointing to a 
lengthening of the growing season. However, a potential longer growing 
season does not mean higher annual growth rates per se. The formation 
of wider rings is only possible when water availability is not limiting 
during the season of maximum growth. Our results showed that ash tree 
growth was mainly driven by soil water content during the growing 
season. Dry-warm sites trees can show a second growth peak after the 
summer, but only when autumn water availability improved consider-
ably. Our findings highlight the ability of narrow-leaved ash to adjust its 
growth to current environmental conditions, which permits this species 
to reach its potential geographic distribution in the Mediterranean 
Basin. However, under the ongoing climate warming trees growing 
under contrasting climatic settings could be affected differently, with 
trees growing at dry-warm sites being negatively affected by climate 
warming and increased aridity, whereas trees at wet-cool sites could 
improved growth due to longer growing seasons. The benefit of a long 
season may not be fully realized if warmer temperatures reduce soil 
water content and constrain growth. 
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Number of growth days and not length of the growth period determines radial stem 
growth of temperate trees. Ecol. Lett. 25, 427–439. https://doi.org/10.1111/ 
ele.13933. 

Evans, L.M., Kaluthota, S., Pearce, D.W., Allan, G.J., Floate, K., Rood, S.B., Whitham, T. 
G., 2016. Bud phenology and growth are subject to divergent selection across a 
latitudinal gradient in Populus angustifolia and impact adaptation across the 
distributional range and associated arthropods. Ecol. Evol. 6, 4565–4581. https:// 
doi.org/10.1002/ece3.2222. 

Evans, M.N., Reichert, B.K., Kaplan, A., Anchukaitis, K.J.K.J., Vaganov, E.A., Hughes, M. 
K., Cane, M.A., 2006. A forward modeling approach to paleoclimatic interpretation 
of tree-ring data. J. Geophys. Res. 111, 1–13. https://doi.org/10.1029/ 
2006JG000166. 

Fritts, H.C., 1976. Tree Rings and Climate. Academic Press, London.  
Garcia-Forner, N., Vieira, J., Nabais, C., Carvalho, A., Martínez-Vilalta, J., Campelo, F., 

2019. Climatic and physiological regulation of the bimodal xylem formation pattern 
in Pinus pinaster saplings. Tree Physiol. 39, 2008–2018. https://doi.org/10.1093/ 
treephys/tpz099. 

Gomes Marques, I., Campelo, F., Rivaes, R., Albuquerque, A., Ferreira, M.T., Rodríguez- 
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