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Abstract
Forest dynamics are undergoing profound alteration due to the fact that climate change is increasing the frequency and sever-
ity of abiotic and biotic forest disturbances. Because of the unpredictable nature of the drought periods and the variation in 
their severity, Mediterranean forests are typically more vulnerable. Mediterranean Pinus pinaster forests are showing decay 
symptoms linked to climate change. There is clear evidence that promoting mixtures can serve as an effective forest adapta-
tion strategy. In this regard, we sought to better understand the responses of P. pinaster radial growth dynamics to various 
factors, in both mixed and pure forest stands, and provide valuable insights into P. pinaster dynamics when mixed with P. 
sylvestris. In this study, we examined the variation of intra-annual cumulative radial increment patterns in response to the 
climate of P. pinaster between pure and mixed stands with P. sylvestris. Using data from band dendrometers collected over 
five consecutive climatically distinct years (2016–2020), a nonlinear mixed-effect model approach was used to analyze the 
differences in intra-annual cumulative radial increment patterns for P. pinaster between years in mixed and pure stands. The 
intra-annual radial increment pattern of P. pinaster showed significant year-to-year variation and varied with tree size, with 
greater increment in larger trees. Trees in mixed stands had a higher mean radial increment compared to corresponding ones 
in pure stands. Increased summer maximum temperatures negatively affected tree cumulative annual increment regardless of 
composition, but with a lower impact on trees in pure stands. Spring precipitation increased the length of the growing season, 
while higher spring maximum temperatures triggered an earlier inflection point. Our results highlight the high plasticity of P. 
pinaster in adapting to varying intra- and inter-annual environmental conditions and competition with other species and sug-
gest that promoting mixtures with P. sylvestris may be an interesting management strategy for adaptation to climate change.

Keywords Dendrometer band · Climate change · Intra-annual radial increment · Logistic model · Pinus sylvestris L · Pinus 
pinaster Aiton

Introduction

In the throes of climate change, forest dynamics are pro-
foundly altered by increasing temperature,  CO2, vapor pres-
sure deficit, and the frequency and severity of abiotic and 
biotic forest disturbances (McDowell et al. 2020). More pre-
cisely, the combination of climate change-related factors is 
unfavorably modifying forest dynamics and growth, raising 
forest decline, trees death, and causing higher susceptibility 
to pests, diseases, and wildfires (Prieto-Recio et al. 2015; 
Senf et al. 2020; Hartmann et al. 2022; María et al. 2022).

The Mediterranean forests tend to be more vulnerable 
because of unforeseen and more severe drought episodes 
in light of current climate change (Cramer et al. 2018; Tuel 
and Eltahir 2020). Although the knowledge of the impacts of 
climate change on Mediterranean forests dynamics signifi-
cantly increased during the last decades (e.g., Martín-Benito 
et al. 2008; Herguido et al. 2016; Rodríguez de Prado et al. 
2020; Vergarechea et al. 2021; Olivar et al. 2022), a great 
interest persists on how to anticipate and mitigate climate 
change effects on such valuable ecosystems (Vilà-Cabrera 
et al. 2018; Peñuelas and Sardans 2021).

Tree radial growth is one of the main sources of informa-
tion for forest management to derive adapting plans to the 
expected climate change scenarios. It can be considered as 
the proxy of tree growth performance (Cailleret et al. 2017). 
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Accordingly, interpreting tree radial growth responses 
to weather factors is crucial to decipher the mechanisms 
underlying forest carbon storage (Nabeshima et al. 2010) and 
to evaluate different factors affecting tree growth response 
to climate change (e.g., Linares et al. 2010; Calama et al. 
2019; Aldea et al. 2022). The timing of the radial incre-
ment and growth rates could also provide insights into the 
species-specific functional traits drawing life strategies for 
tree species (Cuny et al. 2012). Moreover, tree growth pat-
terns could explain niche differentiation, contributing to a 
better understanding of some of the factors ruling coexist-
ence processes among tree species (Martínez-Sancho et al. 
2021). All the above can help us to develop sustainable and 
adaptive management programs.

Tree growth response to different climatic factors has 
been well studied using mainly two kinds of tree growth 
data sources, measurements from dendrometers (Deslauriers 
et al. 2007; Nabeshima et al. 2010; Aldea et al. 2017; Vour-
litis et al. 2022) and tree-ring series from increment cores 
(Speer 2010, Cook and Kairiukstis 2013). Both data sources 
give distinctive insights into tree growth dynamics. Den-
drometer data proved its reliability in studying the cambial 
phenology phases and the intra-annual increment of trees 
(Deslauriers et al. 2003; Campelo et al. 2018). The analyses 
of intra-annual data give more details on growth responses 
and variability to specific weather incidents during the year 
for better projection of growth responses to stressful and 
limiting climate conditions (Duchesne and Houle 2011; 
Martínez-Sancho et al. 2021), including changes in growth 
phenology triggered by climate change (Peñuelas and Filella 
2001). On the other hand, tree-ring data analysis has been 
commonly used to study inter-annual growth responses and 
stability to weather conditions (King et al. 2013). How-
ever, some information on intra-annual growth can be also 
obtained from tree cores by analyzing early- and late-wood 
widths (Pichler and Oberhuber 2007; Martín-Benito et al. 
2008) or xylem anatomy in tree rings (Ziaco 2020), although 
they provide less information than dendrometers as the exact 
timing of tree growth is not known. Both approaches have 
recently been applied together to evaluate the different 
adaptation strategies to drought, to assess the coexistence 
between distinct species (Martínez-Sancho et al. 2021).

In the Mediterranean region, some tree species tend to 
exhibit growth plasticity by having different intra-annual 
growth patterns, i.e., unimodal and bimodal patterns, 
depending on the annual weather conditions variability 
and site conditions (Camarero et al. 2010; Gutiérrez et al. 
2011; Aldea et al. 2017, 2018; Campelo et al. 2018; Tumajer 
et al. 2021). Such tree species can change from a unimodal 
to a bimodal intra-annual growth pattern if the soil mois-
ture levels are suitable following a dry summer (Touchan 
et al. 2012). This means that the species is well adapted to 
the stressful conditions during the dry summers, but can 

maximize its productivity (Maseyk et al. 2019). Different 
species have distinct coping strategies to face dry summer, 
being bimodal vs unimodal pattern character mandatory or 
facultative depending on species and sites (Campelo et al. 
2021).

Intra- and inter-annual growth patterns have been recently 
studied in different mixtures, evidencing the potential of spe-
cies mixing to cope with climate change (Michelot et al. 
2012; Aldea et al. 2021; Martínez-Sancho et al. 2021). A 
number of studies have shown that mixed stands' productiv-
ity is higher and more stable over time than that of corre-
sponding pure stands (Jucker et al. 2014; del Río et al. 2017), 
and that species mixing can mitigate the effects of extreme 
droughts (e.g., Pretzsch et al. 2013; Pardos et al. 2021). 
Facilitation and niche complementarity have the potential 
to produce a higher supply, capture, or use efficiency of 
resources across more diverse communities (Loreau and 
Hector 2001; Naeem 2002, Forrester and Bauhaus 2016). 
Temporal complementarity, which can be analyzed by 
between species growth asynchrony in mixed forests (del Río 
et al. 2021), may allow the release of stress under extreme 
droughts and sustain more constant productivity in mixed 
stands in comparison to monocultures (del Río et al. 2017; 
Morin et al. 2014; Pretzsch and Forrester 2017). Therefore, 
species interactions can modify species-specific growth pat-
terns, as reported in studies comparing tree growth patterns 
in mixed vs. pure stands (Pretzsch et al. 2021; Strieder and 
Vospernik 2021).

P. pinaster (maritime pine) is a forest tree species native 
to the western Mediterranean basin, mostly found in the 
Iberian Peninsula, France, and Italy (Alía et al. 1995). It 
occupies roughly 1.06 million hectares in monospecific 
stands and another 0.62 million hectares in mixtures with 
other species, being the second most important tree species 
in Spain in terms of distribution area (DGCONA, 2000). 
Some recent studies report the decline of P. pinaster forests 
in several regions of its distribution in Spain, due to pre-
cipitation decrease during the growing season and more fre-
quent and severe drought periods, combined in some cases 
with biotic factors which synergistically increase tree stress 
(Prieto-Recio et al. 2015; Gea-Izquierdo et al. 2019). Mixed 
stands of P. pinaster and P. sylvestris were found to be a 
good alternative where these two species share a distribu-
tion area and promoting these mixed stands is considered a 
measure of adaptation to climate change (del Río et al. 2022; 
Ruano et al. 2022). P. pinaster- P. sylvestris mixed forests 
are frequent in North-Central Spain, with about 120,000 
hectares mostly in the Iberian and Central Mountain Range 
(Riofrío et al. 2018).

Despite the two species are light demanding, higher pro-
ductivity in mixed stands compared to pure stands was found 
by Riofrío et al (2017a, 2017b), owing to complementarity 
and its consequent inter-specific competition reduction, 
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which emerge from crown complementarity environment 
and the efficient canopy vertical stratification (Riofrío et al. 
2017b; Cattaneo et al. 2020). Further evidence of comple-
mentarity between both species in mixed stands was reported 
by López-Marcos et al. (2021), stating that over-yielding 
does not solely dependent on above-ground interspecific 
complementarity, but also on belowground niche comple-
mentarity, that is to say, a better partitioning and efficient 
exploitation of soil resources (water and nutrient elements). 
However, at tree level, the effects of species interactions on 
P. pinaster growth vary depending on the study area (Riofrío 
et al. 2017a, 2019; Rodríguez de Prado et al. 2022). Thus, to 
what extent the admixture of P. sylvestris can modify P. pin-
aster tree growth and its response to climate is still unclear.

In this study, we focus on Pinus pinaster intra- and 
inter-annual growth pattern in pure and mixed stands with 
P. sylvestris with the aim of determining its vulnerability 
to climate change and the use of species admixture as an 
adaptation strategy. Here, a nonlinear mixed-effect model 
approach was used to analyze the differences in intra-annual 
cumulative radial increment patterns of Pinus pinaster in 
mixed and pure stands and to identify whether mixing these 
two species (Pinus pinaster-Pinus sylvestris) modifies P. 
pinaster intra-annual radial growth response to climate. 
We used data from band dendrometers recorded during five 

consecutive years to insight i) the intra-annual radial incre-
ment pattern of P. pinaster and the potential influence by 
the admixture of P. sylvestris, ii) to find out if the admixture 
effect depends on tree size and year weather conditions, and 
iii) to identify the weather variables that explain the intra-
annual variability in radial increment patterns.

Materials and methods

Study area and design

The current study was carried out in the Sierra de la 
Demanda (41° 47.713' N, 2° 56.328' W) (Fig. 1), at an ele-
vation of 1145 m above sea level, in pure and mixed pine 
forests of P. pinaster and P. sylvestris, where the species 
cover around 50,000 ha. The targeted admixture appears in 
the ecotone between the distribution areas of both species. 
The study area is characterized by a subhumid Mediterra-
nean continental climate. Soils are acidic (pH 3.9–5.4) with 
sandy loam to sandy texture, low cation exchange capacity 
(2.4–18.1  cmolc  kg−1), and medium to low water-retention 
capacity (1.5–18 g  cm−2) (Marcos et al. 2018). These forests 
are managed with timber production as the main objective, 

Fig. 1  Study area (Sierra de la Demanda). (Color figure online)
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although there is a growing interest in managing for different 
provisioning services (Aldea et al. 2014).

A set of 6 circular plots with a radius of 15 m grouped 
into 3 pairs was used (Table 1), each pair including one pure 
plot of P. pinaster and one mixed plot with P. sylvestris. The 
plots belong to a network of triplets, which includes also 
pure plots of P. sylvestris, established in 2014–2015 in the 
study area (Riofrío et al. 2017b; Cattaneo et al. 2020). Pairs 
are located less than 1 km from each other, in a way that each 
pair of plots has similar conditions of site, age, density, and 
management. The stands were approximately fully stocked, 
and none of the plots had been thinned for at least 15 years. 
In mixed plots, the species proportion ranged from 61 to 
33% of the total basal area.

Dentrometer and climatic data

A total of 49 trees (8–9 trees per plot) from the three pairs 
were selected, taking into consideration diameter classes 

distribution (Table 2). Dendrometer bands (DB 20, EMS 
Brno) were installed at breast height (1.30 m) three months 
before the first circumference reading to ensure the stability 
of the bands. The outermost dead bark was removed and 
smoothed prior to installing the bands to avoid any incorrect 
readings resulting from stem deformities and possible bark 
shrinking and swelling due to changes in air humidity. Girth 
measurements were taken every other week throughout the 
year from February 2 of 2016 until December 2 of 2020 
(bands resolution of 0.1mm). The final girth increment data 
were translated into radial increments data. It is worth not-
ing that there are different valid approaches to modeling the 
secondary growth of trees: stem cross-sectional area (basal 
area increment (BAI)), radial growth or diameter growth, 
and girth growth. All of the approaches are methodologi-
cally sound because our study targets examining the intra- 
and inter-annual variations in tree growth in both pure and 
mixed stands. Radial or diameter increment measurements 
have been previously employed as alternatives to stem 

Table 1  Plots' main 
characteristics

G stand basal area  (m2/ha); dq quadratic mean diameter (cm); Ho dominant height (m); Proportion P. pin-
aster in terms of basal area

Pair Plot Density (trees/ha) G  (m2/ha) dq (cm) Ho (m) Proportion 
P.pinaster 
(%)

1 P. pinaster mixed 679 (total) 33.26 24.97 16.1 61
283 (P. pinaster) 20.23 30.17 16.1

1 P. pinaster pure 594 (total) 37.53 28.36 16.9 100
594 (P. pinaster) 37.53 28.36 16.9

2 P. pinaster mixed 552 (total) 68.22 39.68 24.3 33
198 (P. pinaster) 22.35 37.9 25.8

2 P. pinaster pure 722 (total) 70.31 35.22 21.4 100
722 (P. pinaster) 70.31 35.22 21.4

3 P. pinaster mixed 1103 (total) 54.86 25.16 19.3 58
538 (P. pinaster) 31.87 27.47 18.8

3 P. pinaster pure 1259 (total) 69.06 26.43 15.6 96
1146 (P. pinaster) 66.04 27.09 15.6

Table 2  Trees characteristics per plot

N number of sampled trees per plot; DBH diameter at breast height (cm)

Pair Plot N DBH (cm) Mean radial increment (mm)

Mean Max Min Std. Dev 2016 2017 2018 2019 2020

Feb–Dec Feb–Nov March–Dec March–Nov Feb–Dec

1 P. pinaster mixed 8 28.8 35.4 22.1 4.1 1.84 1.83 1.68 1.79 1.84
1 P. pinaster pure 8 30.5 40.8 21.7 6.2 2.14 2.11 0.8 0.93 2.3
2 P. pinaster mixed 8 37.8 40.9 28.1 3.9 0.82 0.69 0.83 1.05 0.79
2 P. pinaster pure 8 34.3 41.0 27.7 5.1 0.79 0.61 0.66 0.6 0.29
3 P. pinaster mixed 8 28.3 44.2 18.7 8.0 0.98 1.07 1.19 1.11 1.23
3 P. pinaster pure 9 27.5 48.0 15.9 10.4 1.03 1.06 1.31 1.24 1.2
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cross-sectional area (Deslauriers et al. 2007; Strieder and 
Vospernik 2021; Donfack et al. 2023).

Meteorological data were provided by the State Mete-
orological Agency—AEMET. Climatic data contained 
daily data of temperature, and precipitation during the 
period September 2015 and December 2020 of the station 
Hontoria del Pinar "2079" in Burgos (about 25km from the 
study area). The daily data were used to obtain monthly, 
seasonal, and annual averages (hydrological year, starting 
the 1 October) of temperature and precipitation. We used the 
function "diagwl" from the R Package 'climatol' (Guijarro 
2019) to build Walter and Lieth climate diagrams for each of 
the studied years (Fig. 2). Throughout the study period, the 
mean annual temperature fluctuated from 9.9 °C (in 2018) 
to 11.3 °C (in 2017), while annual precipitation ranged from 
589 mm (in 2017) to 939.5 mm (in 2016). Year 2017 dis-
tinctly differed from the rest of the years, characterized by 
its elevated mean annual temperature and reduced annual 
precipitation.

Pinus pinaster Intra‑annual cumulative radial 
increment patterns

P. pinaster frequently shows a bimodal intra-annual growth 
pattern (Aldea et al. 2018; Garcia-Forner et al. 2019). The 
observed annual tree growth series constantly showed a 
unimodal growth pattern (Figure 6 in supplementary mate-
rial). In this way, we compare the Richard function with 
three and four parameters. The logistic growth model with 
three parameters (Eq. (1)) showed the best results and was 
used to analyze cumulative radial increment data (2016 to 
2020) based on a mixed-effects approach that considers the 
hierarchical structure of the sampling design (tree and plot). 
Processing such type of data using a mixed-effects model 
entails accounting for the spatial and temporal dependence 
of data by adding a random effect structure into the model. 
Thereby models with different random structures were com-
pared (i.e., plot and/or tree affecting the three parameters 
of the model) and fit through restricted maximum likeli-
hood estimation (REML). All models were evaluated and 
compared by likelihood ratio test, and model selection was 
based on the Akaike information criterion (AIC). The model 
with the lowest AIC value was selected as the best-fitting 
model. Specifically, model with plot and tree level affecting 
the asymptote  (Asymij) proved to be the optimal random 
structure.

In order to investigate if cumulative growth pattern was 
influenced by admixture, tree size, and year, fixed effects of 
the following variables were included in the three parameters 
of the logistic function: stand composition (Co) as a dummy 
variable (Pure = 0 and mixed = 1), initial tree diameter (DBH) 

and year. Interaction among covariables was also included in 
the model. In this regard, all possible models with different 
combinations of the variables and their interactions were fit 
with maximum likelihood estimation (ML) and all resulting 
models were compared (Table 6 in supplementary material) 
selecting the final model according to the lowest (AIC). This 
process started with the following generic model:

where  CRIij is the cumulative radial increment for tree i in 
plot j (mm);  Asymij, Kij, and  Inflij are the asymptote, inflec-
tion point, and growth parameter rate respectively; t is the 
day of year variable; Year is the year factor variable, a vari-
able of five levels (2016 as the base year, 2017, 2018, 2019 
and 2020); Co is the abovementioned plot composition 
dummy variable; DBH is the tree diameter at breast height 
(mm); ρj ~ N (0, σj) and τij ~ N (0, σij) are the plot and tree 
random effect; Ɛij ~ N(0, σe) is the error term.

Once we have defined the final model from the previous 
step, we analyzed the effect of weather on the cumulative 
radial increment substituting the year factor variable with 
meteorological variables. Based on a biological meaning, 
meteorological variables (Table 3) highly correlated to radial 
increment were included in the fixed structure to evaluate their 
effects on model parameters. Similar to the previous model, 
we tested different fixed structures with meteorological vari-
ables (Table 7 in supplementary material), compared the fit 
models in terms of AIC, and select the most parsimonious one 
using maximum likelihood estimation (ML). The model fitting 
procedure was performed using R-package “nlme” (Pinheiro 
et al. 2023).

To assess the final models' performance and goodness 
of fit, we calculated various regression evaluation metrics. 
Mean bias, representing the mean difference between the pre-
dicted values and the observations, and the root mean square 
error (RMSE), which measures the square root of the mean 
of the squared differences between the predicted values and 
the observations. Furthermore, we calculated both marginal 
R-squared and conditional R-squared using the function 
"R2M" from the R-package 'nlraa' (Miguez 2023).

(1)CRIij =
Asymij

1 + e−Kij(t−Inflij)
+ �ij

Asymij = Year + DBH + Co + Year ∗ DBH

+ Year ∗ Co + Co ∗ DBH + �j + �ij

Kij = Year + DBH + Co + Year ∗ DBH + Year ∗ Co + Co ∗ DBH

Inflij = Year + DBH + Co + Year ∗ DBH + Year ∗ Co + Co ∗ DBH
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Fig. 2  Walter and Lieth climate diagrams for studied years 2016–
2020. Blue lines represent precipitation (mm) while red lines repre-
sent temperature(°C). Blue and red areas represent the wet and dry 
seasons, respectively. The horizontal line at 100 mm precipitation 

and 50 °C marks the origin of the logarithmic scale. Dark blue areas 
above the horizontal line indicate seasons of sure frost and light blue 
rectangles indicate months of probable frost. (Color figure online)
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Results

Effect of stand composition, year, and tree size 
on intra‑annual radial increment

The summary and the coefficients for the final nonlinear 
mixed model (Eq. (2)) examining the effects of stand com-
position, DBH, and year on the radial increment are shown 
in Table 4. All factors and covariables in the resulting model 
were significant at 95% significance level. The plotted 
residuals against the predicted cumulative radial increment, 
suggest compliance with the homoscedasticity assumption 
(Figure 7 in supplementary material).

where α0–α10, β0–β4 and γ0–γ6 are the asymptote, growth rate 
parameter, and inflection point regression coefficients related 
to covariables and interactions; ρj and τij are the plot and tree 
random effect; Ɛij ~ N(0, σe) is the error term.

(2)CRIij =
Asymij

1 + e−Kij(t−Inflij)
+ �ij

Asymij =�0 + �12017 + �22018 + �32019 + �42020

+

(

�5 + �62017 + �72018 + �82019 + �92020
)

× Co + �10DBH + �j + �ij

Kij = �0 + �12017 + �22018 + �32019 + �42020

Inflij = �0 + �12017 + �22018 + �32019 + �42020 + �5Co + �6DBH

The stand composition dummy variable (Co) increased 
the asymptotic parameter (α5), with a different magnitude of 
the effect between years (α6–α10), and negatively affecting 
the inflection point (γ5) (Table 4). Figure 3 shows the higher 
mean intra-annual radial increment for trees in mixed stands 
compared to the corresponding ones in monospecific stands 
(0.5 mm higher on average α5). The inflection point occurred 
later in pure stands (γ5), which means a shift in the growing 
season for trees in mixtures in comparison to pure stands, 
although the effect is small (2.5 days).

The year factor clearly had different effects on the three 
parameters (Fig. 3 and Table 4). During the years 2018, 
2019, and 2020 the asymptote increased compared with 
2016 (α0), while year 2017 the asymptote was lower than 
2016. The growth rate was highest in 2018 (β2) and the low-
est in 2016 (β0). Likewise, the inflection point also varied 

depending on the year (γ1, γ2, γ3, γ4), with a later inflection 
point observed during the year 2018 contrary to years 2017, 
2019, and 2020, in comparison with the reference year 2016. 
The strongest variation was in 2017 (γ2), when the inflec-
tion point occurred 20 days earlier than in 2016 (in 15 May 
instead of 4 June). Moreover, the year factor affecting the 
asymptote differed between mixed and pure plots, implying 
that the year weather conditions modify the mixing effect.

Table 3  Weather variables 
considered in the model fitting 
for the hydrological period 
2016–2020

* Autumn: from September to November of the previous year, Winter; from December of the previous year 
to February of the current year; Spring from March to May of the current year; and Summer: from June to 
August of the current year

Variable* Description Mean Min Max Std. Dev

Autumn_P Autumn precipitation (mm) 182.7 76 289 76.4
Winter_P Winter precipitation (mm) 233.8 100 419 122.7
Spring_P Spring precipitation (mm) 253.5 129.5 436.5 115.5
Summer_P Summer precipitation (mm) 110.7 69.5 189.5 48.6
Autumn_Tmax Autumn maximum temperature (°C) 17.9 16.7 18.8 0.9
Autumn_Tmin Autumn minimum temperature (°C) 4.0 2.0 4.7 1.1
Autumn_Tmed Autumn average temperature (°C) 11.0 10.4 11.4 0.4
Winter_Tmax Winter maximum temperature (°C) 9.2 7.1 10.5 1.4
Winter_Tmed Winter average temperature (°C) 3.9 2.6 5.1 1.0
Spring_Tmax Spring maximum temperature (°C) 15.4 12.9 17.7 2.0
Spring_Tmin Spring minimum temperature (°C) 2.5 0.5 3.9 1.3
Spring_Tmed Spring average temperature (°C) 8.9 7.5 10.3 1.2
Summer_Tmax Summer maximum temperature (°C) 27.9 26.8 28.7 0.8
Summer_Tmin Summer minimum temperature (°C) 10.0 9.2 11.2 0.7
Summer_Tmed Summer average temperature (°C) 18.9 18.0 19.9 0.7
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Tree size influenced the asymptote (α10) and the inflec-
tion point (γ6) of the cumulative radial increment curve in 
a similar way in both mixed and pure stands (Fig. 4 and 
Table 4). Both the asymptote and inflection point increased 
with tree size, which means that larger trees showed a higher 
intra-annual increment and a delay in their inflection point.

Weather effects on intra‑annual radial increment

Equation (3) shows the structure of the final nonlinear mixed 
effect model fitted for the analysis of weather influence on 
the intra-annual cumulative radial increment pattern. The 
coefficients of all the variables in the resulting model were 
significant at 95% significance level (Table 5), evidencing 

the crucial role of spring and summer weather conditions. 
The observed homogeneous variation of the residuals across 
all predicted values (Figure 8 in supplementary material) 
implies compliance with the homoscedasticity assumption.

Increased summer maximum temperature negatively 
affected the asymptote parameter with a lower impact for 
pure (α1) compared to mixed stands (α4). In addition, higher 
spring precipitation was linked to a higher growth rate (β1), 
whereas higher spring maximum temperature caused an 
earlier inflection point (γ1) of the growth curve (Fig. 5). In 
accordance with the model based on the year factor (Eq. (2)), 
tree radial increment asymptote is still greater and the inflec-
tion point is earlier in mixed stands than in pure stands for 
given tree size, spring precipitation and spring and summer 
maximum temperatures (Fig. 5 and Table 5).

where Summer_Tmax: is summer maximum temperature; 
Spring_P: is spring precipitation; Spring_Tmax: is spring 
maximum temperature affecting asymptote, growth rate, and 
inflection point parameter, respectively. other covariables 
and error terms as defined before.

Discussion

The distinct intra-annual radial increment patterns that we 
identified for Pinus pinaster growing in pure and mixed 
stands, and the dependency of radial increment pattern on 
tree size and annual weather conditions confirm the high 
plasticity of the species in terms of growth response. This 
would enable P. pinaster to adapt its growth not only to the 
high intra- and inter-annual environmental variability, typi-
cal of Mediterranean climates, but also to different intra- and 
inter-specific competition conditions.

P. pinaster is a typical Mediterranean evergreen spe-
cies classified as a drought-avoiding species (Picon 
et al. 1996), and that exhibits high plasticity, making it 
able to adapt its growth to various growing conditions 
(Alía et al. 1995; Picon et al. 1996; Corcuera et al. 2010; 
Vizcaíno-Palomar et al. 2017; Feinard-Duranceau et al. 
2018; Sánchez-Salguero et al. 2018). As a consequence, P. 

(3)CRIij =
Asymij

1 + e−Kij(t−Inflij)
+ �ij

Asymij = �0 + �1Summer_Tmax + �2DBH

+

(

�3 + �4Summer_Tmax
)

∗ Co + �j + �ij

Kij = �0 + �1Spring_P

Inflij = �0 + �1Spring_Tmax + �2DBH + �3Co

Table 4  Nonlinear mixed effect model fit to analyze the effect of year, 
composition, and tree size on intra-annual radial increment. α0–α10, 
β0–β4 and γ0–γ6 are the asymptote, growth rate parameter, and inflec-
tion point regression coefficients, respectively

Parameter Coefficient Std. Error p value

α0 (Intercept)  − 0.20886 0.5589409 0.7087
α1 (2017) 0.09000 0.0185922 0.0000
α2 (2018) 0.18682 0.0208380 0.0000
α3 (2019) 0.12501 0.0216744 0.0000
α4 (2020) 0.25108 0.0226749 0.0000
α5 (Co) 0.53514 0.5590900 0.3386
α6 (2017 × Co)  − 0.20015 0.0228179 0.0000
α7 (2018 × Co)  − 0.06712 0.0265002 0.0114
α8 (2019 × Co)  − 0.07652 0.0281297 0.0066
α9 (2020 × Co)  − 0.01749 0.0286568 0.5417
α10 (DBH) 0.00414 0.0012652 0.0011
β0 (Intercept) 0.03224 0.0009974 0.0000
β1 (2017) 0.00015 0.0013496 0.9120
β2 (2018) 0.01013 0.0019863 0.0000
β3 (2019) 0.00361 0.0019489 0.0644
β4 (2020) 0.00080 0.0010785 0.4592
γ0 (Intercept) 155.20534 2.0464412 0.0000
γ1 (2017)  − 20.25772 0.9740724 0.0000
γ2 (2018) 3.62928 1.2377579 0.0034
γ3 (2019)  − 5.13528 1.3543402 0.0002
γ4 (2020)  − 9.51314 1.3772840 0.0000
γ5 (Co)  − 2.44934 0.8681401 0.0048
γ6 (DBH) 0.01357 0.0053120 0.0107
σj (plot) 0.6520202
σij (tree) 0.5881373
σe (error) 0.1651428
AIC  − 1734.639
Mean Bias 0.003658897
RMSE 0.1690618
Marginal R2 0.4793649
Conditional R2 0.9671425
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pinaster tends frequently to profit from the favorable con-
ditions that happen after summer stress to recommence its 
radial growth in autumn, resulting in an evident bimodal 
growth pattern (Vieira et al. 2015; Garcia-Forner et al. 
2019) as a strategy to adapt to limited water availability 
during dry summer. Although our study site presents a 

Mediterranean climate with a drought period during sum-
mer and mild and wet early autumn, which could allow a 
second growth period, we did not find a bimodal growth 
pattern. Campelo et al. (2018b) stated that the bimodal-
ity growth behavior in some species might be facultative 
according to the sites and the variability in climate factors. 

Fig. 3  Year effect on the cumulative radial increment in mixed plots and pure plots. Cumulative curves show tree with DBH = 31.5 cm (mean 
tree diameter) in mixed (left) and pure (right) plots over the years (2016, 2017, 2018, 2019, and 2020)

Fig. 4  Tree size effect on the cumulative radial increment in mixed 
and pure plots. Cumulative curves show the pattern for two trees for 
the year 2018. The solid line represents a tree with DBH = 47.95 cm, 

while the dashed line represents a tree with DBH = 15.9 cm (maxi-
mum and minimum tree diameter, respectively)
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Thus, we expect that the unimodal pattern we found in our 
study could be caused by several reasonable factors: First, 
the relatively cold study site compared with other stud-
ies that showed a bimodal pattern for this species (Aldea 
et al. 2017, 2018, 2021; Rubio-Cuadrado et al. 2018). 
This is in line with other studies that found unimodal pat-
tern at cold sites and bimodal at warmer and drier sites 
for other Mediterranean species (Tumajer et  al. 2021, 
2022). Accordingly, Valeriano et al (2023) report through 

growth simulations a clear bimodality in P. pinaster at 
mild coastal sites, but less evident in a continental site 
close to our study area. Second, the interaction between 
precipitation, temperature, and evapotranspiration restricts 
atmospheric moisture, which, in turn, affects tree devel-
opment in P. pinaster forests (Bogino and Bravo 2008). 
In other words, this interaction could have resulted in an 
inadequately dry microclimate at our study site that could 
not trigger a second growth period. As a third point of 
emphasis, it is important to highlight that soil character-
istics could play a pivotal role in the observed unimodal 
growth pattern. Our study in sandy loam soils revealed a 
different growth pattern than the bimodal growth pattern 
found in a close area with sandy soils (Aldea et al. 2017). 
In this way, a greater water holding capacity in our soil 
may allow trees to grow during the summer, resulting in 
a unimodal growth pattern. Finally, the uncertainty in our 
intra-annual radial increment monitoring, as the period of 
two weeks’ measurements might prevent us to identify the 
second peak. Autumn growth resumption in P. pinaster 
after growth cessation during dry summer has been less 
pronounced than spring growth (Vieira et al. 2015), so it 
can be difficult to identify. However, we assume that this 
cause is less probable, as Aldea et al. (2017) detected a 
second increment period in autumn in P. pinaster using a 
similar methodology (band dendrometers read every two 
weeks), which was later confirmed by more detailed data 
from continuous dendrometers (Aldea et al. 2021).

The unimodal intra-annual radial increment pattern 
showed high variability between years, depending on 
weather conditions. The intra-annual radial increment 
pattern showed differences between years in the three 
parameters of the growth function that resulted in differ-
ent maximum cumulative radial increments. For example, 
in mixed stands, the highest cumulative increment was 

Table 5  Nonlinear mixed effect model fit for weather variables, com-
position, and tree size effect on intra-annual radial increment. α0–α4, 
β0–β1 and γ0–γ3 are the asymptote, growth rate parameter, and inflec-
tion point regression coefficients, respectively

Parameter Coefficient Std. error p value

α0 (Intercept) 2.25714 0.611996 0.0002
α1(Summer_Tmax)  − 0.08353 0.009148 0.0000
α2 (DBH) 0.00410 0.001263 0.0012
α3 (Co) 1.81586 0.651640 0.0054
α4(Summer_Tmax *Co)  − 0.04877 0.012206 0.0001
β0 (Intercept) 0.03077 0.001291 0.0000
β1(Spring_P) 0.00001 0.000005 0.0114
γ0 (Intercept) 216.99938 3.326281 0.0000
γ1(Spring_Tmax)  − 4.54892 0.178525 0.0000
γ2 (DBH) 0.01267 0.005270 0.0163
γ3 (Co)  − 1.97379 0.877845 0.0246
σj (plot) 0.6467932
σij (tree) 0.587174
σe (error) 0.1715051
AIC  − 1581.838
Mean Bias 0.004568245
RMSE 0.1759765
Marginal R2 0.4757348
Conditional R2 0.9476151

Fig. 5  Weather effect on (left) radial increment rate; (right) the cumu-
lative radial increment, in mixed (black line) and in pure plots (red 
line) influenced by the best year weather conditions “2018” (summer 
maximum temperature = 26.8°C, spring precipitation = 436.5 mm and 

spring maximum temperature = 13.7°C) solid line, and the driest year 
“2017” (summer maximum temperature = 28.7°C, spring precipita-
tion = 129.5 mm and spring maximum temperature = 17.7°C) dashed 
line. (Color figure online)
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found in 2020, whereas the lowest occurred in 2017, with a 
decrease of almost 20% compared to 2020. In pure stands, 
a similar trend was observed, with the highest cumulative 
increment occurring in 2020 and the lowest in 2016, cor-
responding to about a 20% decrease compared to 2020. 
Other studies in P. pinaster also report important varia-
tions between years in maximum cumulative radial incre-
ment (Vieira et al. 2014; Aldea et al. 2021), but not in 
other parameters of the growth function as found for other 
species (Rossi et al. 2006; Strieder and Vospernik 2021). 
However, we found a significant year effect on the inflec-
tion point and growth rate parameters, indicating pheno-
logical shifts and differences in growing period duration 
between years (Strieder and Vospernik 2021). The differ-
ences in the inflection point between years can be even 
longer than 20 days (in year 2017) (Table 4), which reflects 
that P. pinaster is able to adapt its growth to contrasting 
annual weather conditions.

Intra-annual radial increment also varied significantly 
within each year depending on stand composition, changing 
both the annual asymptote and the inflection point between 
pure and mixed stands (Fig. 3). Comparisons between intra-
annual growth patterns in pure and mixed stands for differ-
ent mixtures also indicated changes in both the cumulative 
annual increment and the timing of growth patterns (Strieder 
and Vospernik 2021). The conducted regression analysis 
plainly shows higher P. pinaster cumulative growth when 
growing mixed with P. sylvestris (Fig. 5), which agrees with 
the findings in the study area based on periodic tree diameter 
increment data (Riofrío et al. 2019). The increased cumu-
lative annual radial increment implicitly imposes the pres-
ence of positive interaction between P. pinaster and P. syl-
vestris owing to niche complementarity processes between 
both species (Riofrío et al. 2017a). Previous studies on tree 
allometry and canopy structure in this mixture point to niche 
complementarity between the two pines in canopy space use 
(Riofrío et al. 2017b; Cattaneo et al. 2020; Condés et al. 
2020). Also our results show a shift in radial growth pattern 
with a later inflection point in pure stands than in mixed 
stands, i.e., trees in pure stands tend to grow at the highest 
growth rate for a longer period of time, implying inter-spe-
cific competition for light and water resources. These light 
asynchronies in growth patterns between trees in mixed and 
pure stands suggest the presence of species interactions that 
modify tree growth pattern in mixtures, which may be linked 
to temporal and/or niche complementarity between species 
(del Río et al. 2017, 2021; Riofrío et al. 2017b). Vergarechea 
et al., (2021) also observed changes in the magnitude of P. 
pinaster growth response to climate between trees in pure 
stands and mixtures with P. pinea, corroborating that the 
species adapts its growth to different species admixtures.

Species mixing modified the year effect on the asymp-
tote parameter. This means that species admixture modulates 

the tree growth response to annual weather conditions, as 
found for other species (Strieder and Vospernik 2021). These 
results corroborate the presence of inter-annual variability in 
species interactions, which can shift from positive to nega-
tive linked to variation in environmental conditions ( del 
Río et al. 2014; Condés and del Río, 2015; Zalloni et al. 
2019). In our study, the net effect of the mixture was always 
positive in all the years. Mixed stands show greater maxi-
mum cumulative radial increment compared to pure stands. 
However, the lowest admixture effect was found in 2017 (the 
driest year), suggesting that resistance to drought is lower in 
mixed than in pure stands. This is in line with recent find-
ings that indicate that although on average there is a positive 
effect of species mixing on tree growth resilience to drought, 
the effects depend on species mixtures, site conditions, and 
timing and strength of the drought events (Grossiord 2020; 
Bottero et al. 2021; Pardos et al. 2021; Aldea et al. 2022).

Tree size also influenced the intra-annual radial incre-
ment pattern, modifying the asymptote and inflection point. 
However, we did not find any interaction between tree size 
and species mixing. This contradicts the findings stated 
by Strieder and Vospernik (2021) that the composition of 
tree species had an impact on tree social class effect, where 
this effect was considerably greater in the pure Picea abies 
stands, compared to the mixed stands with Larix decidua. 
It is well known that tree growth is related to tree size 
(Pretzsch 2009), a relationship that generally depends on 
tree age (lower growth in mature trees) and tree competition 
status (greater growth in dominant trees). We found a posi-
tive relationship between tree size and the annual maximum 
cumulative increment, which may be reflecting the effect of 
tree competitive status, i.e., larger growth of dominant trees. 
This positive effect of tree size can be explained by the fact 
that in light-demanding species, like P. pinaster, competition 
for light is driving tree growth (Gómez-Aparicio et al. 2011), 
resulting in higher increments of dominant trees. The size-
related asynchrony in growth pattern, where smaller trees 
showed an earlier inflection point compared to trees with a 
larger diameter, is likely to be attributable to temporal niche 
complementarity among different-sized trees, agreeing with 
the often different responses to the climate of dominant and 
large trees (Pretzsch et al. 2022), which can make more size-
heterogeneous stands more resilient to drought.

Our model with climate variables as predictors (Eq. (3)) 
reveals that the most influential variables were maximum 
temperatures in spring and summer and spring precipita-
tion. The maximum summer temperature during the growing 
year has a detrimental impact on cumulative stem growth, 
as has been previously reported in several studies (Bogino 
and Bravo 2008; Rozas et al. 2011; Mazza et al. 2015; Ver-
sace et al. 2022). This inverse relationship is presumably 
attributed to the atmospheric water deficiency as a result 
of the interactions between precipitation, temperature, and 
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evapotranspiration mentioned above (Bogino and Bravo 
2008). Spring weather conditions modulate the length and 
timing of the growth period, with a positive effect of the 
amount of spring precipitation on the growing period dura-
tion and an earlier inflection point with a higher spring 
maximum temperature. These inferences tie well with pre-
vious studies on P. pinaster, wherein it was stated that the 
girth increment period of the P. pinaster stem is regulated 
by spring temperature and the summer’s limited short-term 
water supply, leading to growth onset and cessation, respec-
tively (Vieira et al. 2014, 2015; Camarero et al. 2015; Aldea 
et al. 2021). We speculate that longer growth length caused 
by spring precipitation is due to its effect on soil water avail-
ability in early summer, allowing a later cessation of tree 
growth.

We found that the maximum summer temperature 
reduced tree radial increment more in mixed than in pure 
stands. Our results agree with (Pardos et al. 2021), who 
found that P. pinaster showed greater or similar relative 
resilience and recovery to drought in pure stands as com-
pared to P. pinaster growing with broadleaf and conifer 
species, respectively. On the contrary, P. pinaster showed 
less sensitivity to climate in Pinus pinaster-Pinus pinea 
mixed stands than in pure conditions, although tree growth 
response to drought was similar in pure and mixed stands 
(Vergarechea et al. 2021). These contrasting findings indi-
cate that this species has fluctuating sensitivity to drought 
in mixed stands, depending on the species' admixtures. 
Nevertheless, it is noteworthy that the cumulative incre-
ment of P. pinaster was higher in mixed stands in all the 
years. This suggests that irrespective of relative changes 
between years, mixtures with P. sylvestris may provide 
greater P. pinaster yield, so the promotion of these mix-
tures in ecotone areas, especially in the upper border, 
appears as a good management alternative in the face of 
climate change (del Río et al. 2022). Nevertheless, tree 
growth responses to climate conditions could vary in other 
populations within the species distribution area (Sánchez-
Salguero et al. 2018; Zas et al. 2020).

The findings of this study have to be seen in the light of 
some limitations, as inferring intra-annual growth patterns 
from band dendrometer data measured every two weeks 
does not allow a high precision due to the low monitoring 
frequency and the possible stem changes by rehydration or 
thermal shrinkage (Mäkinen et al. 2008). The limited data 
by year could explain why the best results were obtained 
with the three-parameter function. Such a function is less 
flexible and informative in comparison to other functions 
(Bewley and Fiebig 1988; Pödör et al. 2014; Cao et al. 
2019), especially for a plastic species like P. pinaster. Our 
statistical analysis incorporates the use of R-package “nlme” 
(Pinheiro et al. 2023) to model the cumulative radial incre-
ment. It is worth mentioning that this package is widely 

employed in mixed-effects models, yet it faces a limitation 
in handling crossed random effects well (e.g., "Year" crossed 
with "Plot"). In the methodology, we addressed the effect 
of weather on the cumulative radial increment by substitut-
ing the year factor variable with meteorological variables. 
However, the possibility of the weather variables not fully 
explaining temporal variability is worth considering, as it 
could lead to the problem of the lack of independence of 
the residuals at the year level. Accordingly, it is necessary 
to approach the interpretation of the model's results with 
caution. Nevertheless, our study revealed a favorable growth 
pattern for P. pinaster in mixed forests during all years. On 
this basis, future research should explore the pattern of P. 
sylvestris and investigate the potential presence of temporal 
complementarity among the two species.

Conclusion

Our study highlights the high plasticity of P. pinaster in 
growth response to varying intra- and inter-annual envi-
ronmental conditions and competition with other species, 
which may provide some advantages for adapting to new 
growing conditions. However, at our study sites P. pinaster 
does not show the characteristic biomodal pattern reported 
at other sites as an adaptation to Mediterranean climates. 
The intra-annual radial increment pattern was modulated 
by weather conditions, being spring precipitation and 
spring maximum temperatures the most influential vari-
ables in our growth model.

The higher cumulative annual radial increment for P. 
pinaster in mixed than in pure stands suggests the pres-
ence of niche complementarity between P. pinaster and P. 
sylvestris. However, the lowest admixture effect was found 
in the driest year, suggesting lower resilience to drought in 
mixed stands. Additionally, the distinct intra-annual radial 
increment pattern with tree size indicates some asynchrony 
between large and small trees, suggesting a more effective 
use of resources in stands with more complex structures.

Overall, the study emphasizes that promoting species 
mixtures in regions where they have a shared distribution 
can be an effective strategy for addressing the impacts of 
climate change. Further thorough research on the factors 
shaping intra-annual growth patterns in Mediterranean tree 
species is needed to better inform forest management and 
conservation strategies, particularly considering climate 
change effects.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10342- 023- 01650-0.

Acknowledgements Thanks for the support by the Spanish Ministerio 
de Ciencia e Innovación for funding the Project PID2021-126275OB-
C21/C22—GESTIÓN FORESTAL INTEGRADA EN GRADIENTES 

https://doi.org/10.1007/s10342-023-01650-0


683European Journal of Forest Research (2024) 143:671–686 

DE COMPLEJIDAD. Thanks go furthermore to the Junta de Cas-
tilla y Leon, Spain, and the European Union for funding the Projects 
VA183P20 (SMART—Bosques mixtos: Selvicultura, Mitigacion, 
Adaptacion, Resiliencia y Trade-offs) and CLU-2019-01—iuFOR 
Institute Unit of Excellence of the University of Valladolid through 
the ERDF "Europe drives our growth.” Ali Askarieh also receives 
funds through a pre-doctoral contract co-financed by the European 
Social Fund and the Junta de Castilla y León through the Consejería 
de Educación 2019 call.

Author contributions Conceptualization, A.A., M.dR. and F.B.; 
methodology, A.A., M.dR, F.B., J.A. and J.R.; validation and formal 
analysis, A.A., M.dR. and F.B.; data curation, A.A.; writing—origi-
nal draft preparation, A.A.; writing—review and editing, M. dR, F.B., 
J.A. and J.R.; supervision F.B. and M.dR; project administration, 
F.B. All authors have read and agreed to the published version of the 
manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature.

Data availability Data are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interests The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aldea J, Martínez-Peña F, Romero C, Diaz-Balteiro L (2014) Participa-
tory goal programming in forest management: an application inte-
grating several ecosystem services. Forests 5:3352–3371. https:// 
doi. org/ 10. 3390/ f5123 352

Aldea J, Bravo F, Bravo-Oviedo A et al (2017) Thinning enhances the 
species-specific radial increment response to drought in Medi-
terranean pine-oak stands. Agric Meteorol 237–238:371–383. 
https:// doi. org/ 10. 1016/j. agrfo rmet. 2017. 02. 009

Aldea J, Bravo F, Vázquez-Piqué J et al (2018) Species-specific weather 
response in the daily stem variation cycles of Mediterranean pine-
oak mixed stands. Agric Meteorol 256–257:220–230. https:// doi. 
org/ 10. 1016/j. agrfo rmet. 2018. 03. 013

Aldea J, Ruiz-Peinado R, del Río M et al (2022) Timing and duration of 
drought modulate tree growth response in pure and mixed stands 
of Scots pine and Norway spruce. J Ecol 110:2673–2683. https:// 
doi. org/ 10. 1111/ 1365- 2745. 13978

Aldea J, Bravo F, Vázquez-Piqué J et al (2021) Differences in stem 
radial variation between Pinus pinaster Ait. and Quercus pyrena-
ica willd. may release inter-specific competition. For Ecol Manage 
481:118779. https:// doi. org/ 10. 1016/j. foreco. 2020. 118779

Alía R, Gil LA, Pardos JA (1995) Performance of 43 Pinus pinaster 
Ait. provenances on 5 locations in Central Spain. Silvae Genet 
44:75–81

Bewley R, Fiebig DG (1988) A flexible logistic growth model with 
applications in telecommunications. Int J Forecast 4:177–192. 
https:// doi. org/ 10. 1016/ 0169- 2070(88) 90076-3

Bogino SM, Bravo F (2008) Growth response of Pinus pinaster Ait. to 
climatic variables in central Spanish forests. Ann for Sci 65:506–
506. https:// doi. org/ 10. 1051/ forest: 20080 25

Bottero A, Forrester DI, Cailleret M et al (2021) Growth resistance and 
resilience of mixed silver fir and Norway spruce forests in central 
Europe: contrasting responses to mild and severe droughts. Glob 
Chang Biol 27:4403–4419. https:// doi. org/ 10. 1111/ gcb. 15737

Cailleret M, Jansen S, Robert EMR et al (2017) A synthesis of radial 
growth patterns preceding tree mortality. Glob Chang Biol 
23:1675–1690. https:// doi. org/ 10. 1111/ gcb. 13535

Calama R, Conde M, de Dios García J, Madrigal G, Vázquez-Piqué J, 
Gordo FJ, Pardos M (2019) Linking climate, annual growth and 
competition in a mediterranean forest: Pinus pinea in the Spanish 
Northern Plateau. Agric Forest Meteorol 264:309–321

Camarero JJ, Olano JM, Parras A (2010) Plastic bimodal xylogenesis 
in conifers from continental Mediterranean climates. New Phytol 
185:471–480. https:// doi. org/ 10. 1111/j. 1469- 8137. 2009. 03073.x

Camarero JJ, Gazol A, Tardif JC, Conciatori F (2015) Attributing 
forest responses to global-change drivers: limited evidence of 
a  CO2-fertilization effect in Iberian pine growth. J Biogeogr 
42:2220–2233. https:// doi. org/ 10. 1111/ jbi. 12590

Campelo F, Gutiérrez E, Ribas M et al (2018) The facultative bimodal 
growth pattern in Quercus ilex—A simple model to predict sub-
seasonal and inter-annual growth. Dendrochronologia 49:77–88. 
https:// doi. org/ 10. 1016/j. dendro. 2018. 03. 001

Campelo F, Ribas M, Gutiérrez E (2021) Plastic bimodal growth in a 
Mediterranean mixed-forest of Quercus ilex and Pinus halepensis. 
Dendrochronologia 67:125836. https:// doi. org/ 10. 1016/j. dendro. 
2021. 125836

Cao L, Shi PJ, Li L, Chen G (2019) A new flexible sigmoidal growth 
model. Symmetry Basel 11:1–16. https:// doi. org/ 10. 3390/ sym11 
020204

Cattaneo N, Schneider R, Bravo F, Bravo-Oviedo A (2020) Inter-
specific competition of tree congeners induces changes in crown 
architecture in Mediterranean pine mixtures. For Ecol Manage 
476:118471. https:// doi. org/ 10. 1016/j. foreco. 2020. 118471

Condés S, del Río M (2015) Climate modifies tree interactions in terms 
of basal area growth and mortality in monospecific and mixed 
Fagus sylvatica and Pinus sylvestris forests. Eur J Res 134:1095–
1108. https:// doi. org/ 10. 1007/ s10342- 015- 0912-0

Condés S, Aguirre A, del Río M (2020) Crown plasticity of five pine 
species in response to competition along an aridity gradient. For 
Ecol Manage 473:118302. https:// doi. org/ 10. 1016/j. foreco. 2020. 
118302

Corcuera L, Gil-Pelegrin E, Notivol E (2010) Phenotypic plasticity in 
Pinus pinaster δ 13C: environment modulates genetic variation. 
Ann For Sci 67:59666. https:// doi. org/ 10. 1051/ forest/ 20100 48

Cramer W, Guiot J, Fader M et al (2018) Climate change and inter-
connected risks to sustainable development in the Mediter-
ranean. Nat Clim Chang 8:972–980. https:// doi. org/ 10. 1038/ 
s41558- 018- 0299-2

Cuny HE, Rathgeber CBK, Lebourgeois F et al (2012) Life strategies 
in intra-annual dynamics of wood formation: example of three 
conifer species in a temperate forest in north-east France. Tree 
Physiol 32:612–625. https:// doi. org/ 10. 1093/ treep hys/ tps039

del Río M, Schütze G, Pretzsch H (2014) Temporal variation of compe-
tition and facilitation in mixed species forests in Central Europe. 
Plant Biol 16:166–176. https:// doi. org/ 10. 1111/ plb. 12029

del Río M, Pretzsch H, Ruíz-Peinado R et al (2017) Species interac-
tions increase the temporal stability of community productivity in 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f5123352
https://doi.org/10.3390/f5123352
https://doi.org/10.1016/j.agrformet.2017.02.009
https://doi.org/10.1016/j.agrformet.2018.03.013
https://doi.org/10.1016/j.agrformet.2018.03.013
https://doi.org/10.1111/1365-2745.13978
https://doi.org/10.1111/1365-2745.13978
https://doi.org/10.1016/j.foreco.2020.118779
https://doi.org/10.1016/0169-2070(88)90076-3
https://doi.org/10.1051/forest:2008025
https://doi.org/10.1111/gcb.15737
https://doi.org/10.1111/gcb.13535
https://doi.org/10.1111/j.1469-8137.2009.03073.x
https://doi.org/10.1111/jbi.12590
https://doi.org/10.1016/j.dendro.2018.03.001
https://doi.org/10.1016/j.dendro.2021.125836
https://doi.org/10.1016/j.dendro.2021.125836
https://doi.org/10.3390/sym11020204
https://doi.org/10.3390/sym11020204
https://doi.org/10.1016/j.foreco.2020.118471
https://doi.org/10.1007/s10342-015-0912-0
https://doi.org/10.1016/j.foreco.2020.118302
https://doi.org/10.1016/j.foreco.2020.118302
https://doi.org/10.1051/forest/2010048
https://doi.org/10.1038/s41558-018-0299-2
https://doi.org/10.1038/s41558-018-0299-2
https://doi.org/10.1093/treephys/tps039
https://doi.org/10.1111/plb.12029


684 European Journal of Forest Research (2024) 143:671–686

Pinus sylvestris–Fagus sylvatica mixtures across Europe. J Ecol 
105:1032–1043. https:// doi. org/ 10. 1111/ 1365- 2745. 12727

del Río M, Vergarechea M, Hilmers T et al (2021) Effects of eleva-
tion-dependent climate warming on intra- and inter-specific 
growth synchrony in mixed mountain forests. For Ecol Manage 
479:118587. https:// doi. org/ 10. 1016/j. foreco. 2020. 118587

Deslauriers A, Morin H, Urbinati C, Carrer M (2003) Daily weather 
response of balsam fir (Abies balsamea (L.) Mill.) stem radius 
increment from dendrometer analysis in the boreal forests of 
Québec (Canada). Trees Struct Funct 17:477–484. https:// doi. 
org/ 10. 1007/ s00468- 003- 0260-4

Deslauriers A, Rossi S, Anfodillo T (2007) Dendrometer and intra-
annual tree growth: what kind of information can be inferred? 
Dendrochronologia 25:113–124. https:// doi. org/ 10. 1016/j. dendro. 
2007. 05. 003

Donfack LS, Schall P, Mund M et al (2023) Effects of competition 
reduction on intra-annual radial growth of European beech (Fagus 
sylvatica L.) at stem base and crown base. Trees Struct Funct 
37:435–447. https:// doi. org/ 10. 1007/ s00468- 022- 02360-7

Duchesne L, Houle D (2011) Modelling day-to-day stem diameter vari-
ation and annual growth of balsam fir (Abies balsamea (L.) Mill.) 
from daily climate. For Ecol Manag 262:863–872. https:// doi. org/ 
10. 1016/j. foreco. 2011. 05. 027

Feinard-Duranceau M, Berthier A, Vincent-Barbaroux C et al (2018) 
Plastic response of four maritime pine (Pinus pinaster Aiton) fami-
lies to controlled soil water deficit. Ann For Sci 75:96985. https:// 
doi. org/ 10. 1007/ s13595- 018- 0719-5

Garcia-Forner N, Vieira J, Nabais C et al (2019) Climatic and physi-
ological regulation of the bimodal xylem formation pattern in 
Pinus pinaster saplings. Tree Physiol 39:2008–2018. https:// doi. 
org/ 10. 1093/ treep hys/ tpz099

Gea-Izquierdo G, Férriz M, García-Garrido S et al (2019) Synergistic 
abiotic and biotic stressors explain widespread decline of Pinus 
pinaster in a mixed forest. Sci Total Environ 685:963–975. https:// 
doi. org/ 10. 1016/j. scito tenv. 2019. 05. 378

Gómez-Aparicio L, García-Valdés R, Ruíz-Benito P, Zavala MA (2011) 
Disentangling the relative importance of climate, size and com-
petition on tree growth in Iberian forests: Implications for forest 
management under global change. Glob Chang Biol 17:2400–
2414. https:// doi. org/ 10. 1111/j. 1365- 2486. 2011. 02421.x

Grossiord C (2020) Having the right neighbors: how tree species diver-
sity modulates drought impacts on forests. New Phytol 228:42–49

Guijarro MJA (2019) Climatol: climate tools (Series Homogenization 
and Derived Products)

Gutiérrez E, Campelo F, Camarero JJ et al (2011) Climate controls act 
at different scales on the seasonal pattern of Quercus ilex L. stem 
radial increments in NE Spain. Trees Struct Funct 25:637–646. 
https:// doi. org/ 10. 1007/ s00468- 011- 0540-3

Hartmann H, Bastos A, Das AJ et al (2022) Climate change risks to 
global forest health: emergence of unexpected events of elevated 
tree mortality worldwide. Annu Rev Plant Biol 73:673–702. 
https:// doi. org/ 10. 1146/ annur ev- arpla nt- 102820- 012804

Herguido E, Granda E, Benavides R et al (2016) Contrasting growth 
and mortality responses to climate warming of two pine species 
in a continental Mediterranean ecosystem. For Ecol Manage 
363:149–158. https:// doi. org/ 10. 1016/j. foreco. 2015. 12. 038

Jucker T, Bouriaud O, Avacaritei D, Coomes DA (2014) Stabilizing 
effects of diversity on aboveground wood production in forest eco-
systems: Linking patterns and processes. Ecol Lett 17:1560–1569. 
https:// doi. org/ 10. 1111/ ele. 12382

King GM, Gugerli F, Fonti P, Frank DC (2013) Tree growth response 
along an elevational gradient: climate or genetics? Oecologia 
173:1587–1600. https:// doi. org/ 10. 1007/ s00442- 013- 2696-6

Linares JC, Camarero JJ, Carreira JA (2010) Competition modulates 
the adaptation capacity of forests to climatic stress: Insights from 

recent growth decline and death in relict stands of the Mediter-
ranean fir Abies pinsapo. J Ecol 98:592–603. https:// doi. org/ 10. 
1111/j. 1365- 2745. 2010. 01645.x

López-Marcos D, Turrión MB, Bravo F, Martínez-Ruiz C (2021) Ove-
ryielding in mixed pine forests with belowground complementa-
rity: impacts on understory. Eur J for Res 140:777–791. https:// 
doi. org/ 10. 1007/ s10342- 021- 01365-0

Loreau M, Hector A (2001) Partitioning selection and complementarity 
in biodiversity experiments. Nature 412:72–76

Mäkinen H, Seo JW, Nöjd P et al (2008) Seasonal dynamics of wood 
formation: a comparison between pinning, microcoring and den-
drometer measurements. Eur J for Res 127:235–245. https:// doi. 
org/ 10. 1007/ s10342- 007- 0199-x

Marcos DL, Ruiz CM, Turrión MB et al (2018) Soil carbon stocks 
and exchangeable cations in monospecific and mixed pine 
forests. Eur J for Res 137:831–847. https:// doi. org/ 10. 1007/ 
s10342- 018- 1143-y

Pascual LS, Segarra-Medina C, Gómez-Cadenas A, López-Climent 
MF, Vives-Peris V, Zandalinas SI (2022) Climate change-asso-
ciated multifactorial stress combination: A present challenge for 
our ecosystems. J Plant Physiol 56:153764

Martín-Benito D, Cherubini P, Del Río M, Cañellas I (2008) Growth 
response to climate and drought in Pinus nigra Arn. trees of dif-
ferent crown classes. Trees Struct Funct 22:363–373. https:// doi. 
org/ 10. 1007/ s00468- 007- 0191-6

Martínez-Sancho E, Gutiérrez E, Valeriano C et al (2021) Intra-and 
inter-annual growth patterns of a mixed pine-oak forest under 
mediterranean climate. Forests 12:1–15. https:// doi. org/ 10. 3390/ 
f1212 1746

Maseyk K, Lin T, Cochavi A et al (2019) Quantification of leaf-scale 
light energy allocation and photoprotection processes in a Medi-
terranean pine forest under extensive seasonal drought. Tree 
Physiol 39:1767–1782. https:// doi. org/ 10. 1093/ treep hys/ tpz079

Mazza G, Cutini A, Manetti MC (2015) Influence of tree density on 
climate-growth relationships in a Pinus pinaster Ait. Forest in the 
northern mountains of Sardinia (Italy). Iforest 8:456–463. https:// 
doi. org/ 10. 3832/ ifor1 190- 007

McDowell NG, Allen CD, Anderson-Teixeira K et al (2020) Pervasive 
shifts in forest dynamics in a changing world. Science 368:9463. 
https:// doi. org/ 10. 1126/ scien ce. aaz94 63

Michelot A, Simard S, Rathgeber C et al (2012) Comparing the intra-
annual wood formation of three European species (Fagus sylvat-
ica, Quercus petraea and Pinus sylvestris) as related to leaf phe-
nology and non-structural carbohydrate dynamics. Tree Physiol 
32:1033–1045. https:// doi. org/ 10. 1093/ treep hys/ tps052

Miguez F (2023). _nlraa: Nonlinear Regression for Agricultural Appli-
cations_. R package version 1.9.3, <https:// CRAN.R- proje ct. org/ 
packa ge= nlraa>.

Morin X, Fahse L, de Mazancourt C et al (2014) Temporal stability in 
forest productivity increases with tree diversity due to asynchrony 
in species dynamics. Ecol Lett 17:1526–1535. https:// doi. org/ 10. 
1111/ ele. 12357

Nabeshima E, Kubo T, Hiura T (2010) Variation in tree diameter 
growth in response to the weather conditions and tree size in 
deciduous broad-leaved trees. For Ecol Manage 259:1055–1066. 
https:// doi. org/ 10. 1016/j. foreco. 2009. 12. 012

Naeem S (2002) Ecosystem consequences of biodiversity loss: the evo-
lution of a paradigm. Ecology 83:1537–1552. https:// doi. org/ 10. 
1890/ 0012- 9658(2002) 083[1537: ECOBLT] 2.0. CO;2

Olivar J, Rais A, Pretzsch H, Bravo F (2022) The impact of climate and 
adaptative forest management on the intra-annual growth of pinus 
halepensis based on long-term dendrometer recordings. Forests 
13:1–11. https:// doi. org/ 10. 3390/ f1306 0935

Pardos M, del Río M, Pretzsch H et al (2021) The greater resilience of 
mixed forests to drought mainly depends on their composition: 

https://doi.org/10.1111/1365-2745.12727
https://doi.org/10.1016/j.foreco.2020.118587
https://doi.org/10.1007/s00468-003-0260-4
https://doi.org/10.1007/s00468-003-0260-4
https://doi.org/10.1016/j.dendro.2007.05.003
https://doi.org/10.1016/j.dendro.2007.05.003
https://doi.org/10.1007/s00468-022-02360-7
https://doi.org/10.1016/j.foreco.2011.05.027
https://doi.org/10.1016/j.foreco.2011.05.027
https://doi.org/10.1007/s13595-018-0719-5
https://doi.org/10.1007/s13595-018-0719-5
https://doi.org/10.1093/treephys/tpz099
https://doi.org/10.1093/treephys/tpz099
https://doi.org/10.1016/j.scitotenv.2019.05.378
https://doi.org/10.1016/j.scitotenv.2019.05.378
https://doi.org/10.1111/j.1365-2486.2011.02421.x
https://doi.org/10.1007/s00468-011-0540-3
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.1016/j.foreco.2015.12.038
https://doi.org/10.1111/ele.12382
https://doi.org/10.1007/s00442-013-2696-6
https://doi.org/10.1111/j.1365-2745.2010.01645.x
https://doi.org/10.1111/j.1365-2745.2010.01645.x
https://doi.org/10.1007/s10342-021-01365-0
https://doi.org/10.1007/s10342-021-01365-0
https://doi.org/10.1007/s10342-007-0199-x
https://doi.org/10.1007/s10342-007-0199-x
https://doi.org/10.1007/s10342-018-1143-y
https://doi.org/10.1007/s10342-018-1143-y
https://doi.org/10.1007/s00468-007-0191-6
https://doi.org/10.1007/s00468-007-0191-6
https://doi.org/10.3390/f12121746
https://doi.org/10.3390/f12121746
https://doi.org/10.1093/treephys/tpz079
https://doi.org/10.3832/ifor1190-007
https://doi.org/10.3832/ifor1190-007
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1093/treephys/tps052
https://CRAN.R-project.org/package=nlraa
https://CRAN.R-project.org/package=nlraa
https://doi.org/10.1111/ele.12357
https://doi.org/10.1111/ele.12357
https://doi.org/10.1016/j.foreco.2009.12.012
https://doi.org/10.1890/0012-9658(2002)083[1537:ECOBLT]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[1537:ECOBLT]2.0.CO;2
https://doi.org/10.3390/f13060935


685European Journal of Forest Research (2024) 143:671–686 

Analysis along a climate gradient across Europe. For Ecol Manage 
481:118687. https:// doi. org/ 10. 1016/j. foreco. 2020. 118687

Peñuelas J, Filella I (2001) Responses to a warming world. Science 
294:64–66

Peñuelas J, Sardans J (2021) Global change and forest disturbances 
in the mediterranean basin: breakthroughs, knowledge gaps, and 
recommendations. Forests 12:1–27. https:// doi. org/ 10. 3390/ f1205 
0603

Pichler P, Oberhuber W (2007) Radial growth response of coniferous 
forest trees in an inner Alpine environment to heat-wave in 2003. 
For Ecol Manage 242:688–699. https:// doi. org/ 10. 1016/j. foreco. 
2007. 02. 007

Picon C, Guehl JM, Ferhi A (1996) Leaf gas exchange and carbon 
isotope composition response? to drought in a drought-avoiding 
(Pinus pinaster) and a drought-tolerant (Quercus petraea) spe-
cies under present and elevated atmospheric  CO2 concentrations. 
Plant, Cell Environ 19:182–190. https:// doi. org/ 10. 1111/j. 1365- 
3040. 1996. tb002 39.x

Pinheiro J, Bates D, R Core Team (2023). _nlme: Linear and Nonlin-
ear Mixed Effects Models_. R package version 3.1–162, <https:// 
CRAN.R- proje ct. org/ packa ge= nlme>.

Pödör Z, Miklós M, László J (2014) Application of sigmoid models 
for growth investigations of forest trees. Advanced Computational 
Methods for Knowledge Engineering: Proceedings of the 2nd 
International Conference on Computer Science, Applied Math-
ematics and Applications (ICCSAMA 2014). Springer Int Publ 
282:353–364. https:// doi. org/ 10. 1007/ 978-3- 319- 06569-4

Pretzsch H, Schütze G, Uhl E (2013) Resistance of European tree spe-
cies to drought stress in mixed versus pure forests: Evidence of 
stress release by inter-specific facilitation. Plant Biol 15:483–495. 
https:// doi. org/ 10. 1111/j. 1438- 8677. 2012. 00670.x

Pretzsch H, Forrester DI, Bauhus J (2017) Mixed-species forests. 
Springer, Berlin

Pretzsch H, Hilmers T, Uhl E et al (2021) European beech stem 
diameter grows better in mixed than in mono-specific stands at 
the edge of its distribution in mountain forests. Eur J for Res 
140:127–145. https:// doi. org/ 10. 1007/ s10342- 020- 01319-y

Pretzsch H, del Río M, Grote R et al (2022) Tracing drought effects 
from the tree to the stand growth in temperate and Mediter-
ranean forests: insights and consequences for forest ecology 
and management. Eur J for Res 141:727–751. https:// doi. org/ 
10. 1007/ s10342- 022- 01451-x

Pretzsch H, Pretzsch H (2009) Forest dynamics, growth, and yield
Prieto-Recio C, Martín-García J, Bravo F, Diez JJ (2015) Unravel-

ling the associations between climate, soil properties and forest 
management in Pinus pinaster decline in the Iberian Peninsula. 
For Ecol Manage 356:74–83. https:// doi. org/ 10. 1016/j. foreco. 
2015. 07. 033

del Río M, Bravo-Oviedo A, Robledo J J (2022) Fichas de impac-
tos, vulnerabilidad y oportunidades de adaptación al cambio 
climático para ecosistemas arbolados: Pinares de Pinus sylves-
tris. En: Bravo F (coord) 2022. Adaptación al cambio climático: 
directrices para la adaptación de la gestión del patrimonio natu-
ral y la política forestal al cambio climático en Castilla y León. 
Ed. Universidad de Valladolid, 507 p.

Riofrío J, Del Río M, Bravo F (2017a) Mixing effects on growth 
efficiency in mixed pine forests. Forestry 90:381–392. https:// 
doi. org/ 10. 1093/ fores try/ cpw056

Riofrío J, del Río M, Pretzsch H, Bravo F (2017b) Changes in struc-
tural heterogeneity and stand productivity by mixing Scots pine 
and Maritime pine. For Ecol Manage 405:219–228. https:// doi. 
org/ 10. 1016/j. foreco. 2017. 09. 036

Riofrío J, del Río M, Maguire DA, Bravo F (2019) Species mixing 
effects on height-diameter and basal area increment models for 
scots pine and maritime pine. Forests 10:1–22. https:// doi. org/ 
10. 3390/ f1003 0249

Rodríguez de Prado D, San Martín R, Bravo F, Herrero de Aza C 
(2020) Potential climatic influence on maximum stand carrying 
capacity for 15 Mediterranean coniferous and broadleaf species. 
For Ecol Manage 460:117824. https:// doi. org/ 10. 1016/j. foreco. 
2019. 117824

Rodríguez de Prado D, Riofrío J, Aldea J et al (2022) Competition 
and climate influence in the basal area increment models for 
Mediterranean mixed forests. For Ecol Manage 506:119955. 
https:// doi. org/ 10. 1016/j. foreco. 2021. 119955

Rossi S, Deslauriers A, Anfodillo T et al (2006) Conifers in cold 
environments synchronize maximum growth rate of tree-ring 
formation with day length. New Phytol 170:301–310. https:// 
doi. org/ 10. 1111/j. 1469- 8137. 2006. 01660.x

Rozas V, Zas R, García-González I (2011) Contrasting effects of 
water availability on Pinus pinaster radial growth near the tran-
sition between the Atlantic and Mediterranean biogeographical 
regions in NW Spain. Eur J for Res 130:959–970. https:// doi. 
org/ 10. 1007/ s10342- 011- 0494-4

Ruano I, Madrigal-González J, Calama R, Mutke S (2022) Fichas 
de impactos, vulnerabilidad y oportunidades de adaptación al 
cambio climático para ecosistemas arbolados: Pinares de Pinus 
pinaster. En: Bravo, F. (coord) 2022. Adaptación al cambio 
climático: directrices para la adaptación de la gestión del pat-
rimonio natural y la política forestal al cambio climático en 
Castilla y León. Ed. Universidad de Valladolid, 507 pp.

Rubio-Cuadrado Á, Bravo-Oviedo A, Mutke S, Del Río M (2018) 
Climate effects on growth differ according to height and diam-
eter along the stem in Pinus pinaster ait. Iforest 11:237–242. 
https:// doi. org/ 10. 3832/ ifor2 318- 011

Sánchez-Salguero R, Camarero JJ, Rozas V et al (2018) Resist, 
recover or both? Growth plasticity in response to drought is 
geographically structured and linked to intraspecific variability 
in Pinus pinaster. J Biogeogr 45:1126–1139. https:// doi. org/ 
10. 1111/ jbi. 13202

Senf C, Buras A, Zang CS et al (2020) Excess forest mortality is con-
sistently linked to drought across Europe. Nat Commun 11:1–8. 
https:// doi. org/ 10. 1038/ s41467- 020- 19924-1

Strieder E, Vospernik S (2021) Intra-annual diameter growth variation 
of six common European tree species in pure and mixed stands. 
Silva Fenn 55:1–29. https:// doi. org/ 10. 14214/ sf. 10449

Touchan R, Shishov VV, Meko DM et al (2012) Process based model 
sheds light on climate sensitivity of Mediterranean tree-ring 
width. Biogeosciences 9:965–972. https:// doi. org/ 10. 5194/ 
bg-9- 965- 2012

Tuel A, Eltahir EAB (2020) Why is the mediterranean a climate 
change hot spot? J Clim 33:5829–5843. https:// doi. org/ 10. 1175/ 
JCLI-D- 19- 0910.1

Tumajer J, Shishov VV, Ilyin VA, Camarero JJ (2021) Intra-annual 
growth dynamics of Mediterranean pines and junipers determines 
their climatic adaptability. Agric for Meteorol 311:108685. https:// 
doi. org/ 10. 1016/j. agrfo rmet. 2021. 108685

Tumajer J, Serra-Maluquer X, Gazol A et al (2022) Bimodal and uni-
modal radial growth of Mediterranean oaks along a coast-inland 
gradient. Agric For Meteorol 327:109234. https:// doi. org/ 10. 
1016/j. agrfo rmet. 2022. 109234

Valeriano C, Gutiérrez E, Colangelo M et al (2023) Seasonal precipi-
tation and continentality drive bimodal growth in Mediterranean 
forests. Dendrochronologia 78:1260257. https:// doi. org/ 10. 1016/j. 
dendro. 2023. 126057

Vergarechea M, Calama R, Pretzsch H et al (2021) Short- and long-
term growth response to climate in mixed and monospecific for-
ests of Pinus pinea and Pinus pinaster. Eur J for Res 140:387–
402. https:// doi. org/ 10. 1007/ s10342- 020- 01336-x

Versace S, Antonucci S, Santopuoli G et al (2022) Local environment 
prevails over population variations in growth-climate relationships 

https://doi.org/10.1016/j.foreco.2020.118687
https://doi.org/10.3390/f12050603
https://doi.org/10.3390/f12050603
https://doi.org/10.1016/j.foreco.2007.02.007
https://doi.org/10.1016/j.foreco.2007.02.007
https://doi.org/10.1111/j.1365-3040.1996.tb00239.x
https://doi.org/10.1111/j.1365-3040.1996.tb00239.x
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1007/978-3-319-06569-4
https://doi.org/10.1111/j.1438-8677.2012.00670.x
https://doi.org/10.1007/s10342-020-01319-y
https://doi.org/10.1007/s10342-022-01451-x
https://doi.org/10.1007/s10342-022-01451-x
https://doi.org/10.1016/j.foreco.2015.07.033
https://doi.org/10.1016/j.foreco.2015.07.033
https://doi.org/10.1093/forestry/cpw056
https://doi.org/10.1093/forestry/cpw056
https://doi.org/10.1016/j.foreco.2017.09.036
https://doi.org/10.1016/j.foreco.2017.09.036
https://doi.org/10.3390/f10030249
https://doi.org/10.3390/f10030249
https://doi.org/10.1016/j.foreco.2019.117824
https://doi.org/10.1016/j.foreco.2019.117824
https://doi.org/10.1016/j.foreco.2021.119955
https://doi.org/10.1111/j.1469-8137.2006.01660.x
https://doi.org/10.1111/j.1469-8137.2006.01660.x
https://doi.org/10.1007/s10342-011-0494-4
https://doi.org/10.1007/s10342-011-0494-4
https://doi.org/10.3832/ifor2318-011
https://doi.org/10.1111/jbi.13202
https://doi.org/10.1111/jbi.13202
https://doi.org/10.1038/s41467-020-19924-1
https://doi.org/10.14214/sf.10449
https://doi.org/10.5194/bg-9-965-2012
https://doi.org/10.5194/bg-9-965-2012
https://doi.org/10.1175/JCLI-D-19-0910.1
https://doi.org/10.1175/JCLI-D-19-0910.1
https://doi.org/10.1016/j.agrformet.2021.108685
https://doi.org/10.1016/j.agrformet.2021.108685
https://doi.org/10.1016/j.agrformet.2022.109234
https://doi.org/10.1016/j.agrformet.2022.109234
https://doi.org/10.1016/j.dendro.2023.126057
https://doi.org/10.1016/j.dendro.2023.126057
https://doi.org/10.1007/s10342-020-01336-x


686 European Journal of Forest Research (2024) 143:671–686

of Pinus pinaster provenances. Dendrochronologia 75:125983. 
https:// doi. org/ 10. 1016/j. dendro. 2022. 125983

Vieira J, Rossi S, Campelo F et al (2014) Xylogenesis of Pinus pinaster 
under a Mediterranean climate. Ann for Sci 71:71–80. https:// doi. 
org/ 10. 1007/ s13595- 013- 0341-5

Vieira J, Campelo F, Rossi S et al (2015) Adjustment capacity of mari-
time pine cambial activity in drought-prone environments. PLoS 
ONE 10:1–15. https:// doi. org/ 10. 1371/ journ al. pone. 01262 23

Vilà-Cabrera A, Coll L, Martínez-Vilalta J, Retana J (2018) Forest 
management for adaptation to climate change in the Mediterra-
nean basin: a synthesis of evidence. For Ecol Manage 407:16–22. 
https:// doi. org/ 10. 1016/j. foreco. 2017. 10. 021

Vizcaíno-Palomar N, Ibáñez I, Benito-Garzón M et al (2017) Climate 
and population origin shape pine tree height-diameter allometry. 
New for 48:363–379. https:// doi. org/ 10. 1007/ s11056- 016- 9562-4

Vourlitis GL, Pinto OB, Dalmagro HJ et  al (2022) Tree growth 
responses to climate variation in upland and seasonally flooded 
forests and woodlands of the Cerrado-Pantanal transition of 

Brazil. For Ecol Manage 505:119917. https:// doi. org/ 10. 1016/j. 
foreco. 2021. 119917

Zalloni E, Battipaglia G, Cherubini P et al (2019) Wood growth in pure 
and mixed Quercus ilex l. Forests: Drought influence depends on 
site conditions. Front Plant Sci 10:1–14. https:// doi. org/ 10. 3389/ 
fpls. 2019. 00397

Zas R, Sampedro L, Solla A et al (2020) Agricultural and forest mete-
orology dendroecology in common gardens: Population differ-
entiation and plasticity in resistance, recovery and resilience to 
extreme drought events in Pinus pinaster. Agric for Meteorol 
291:108060. https:// doi. org/ 10. 1016/j. agrfo rmet. 2020. 108060

Ziaco E (2020) A phenology-based approach to the analysis of coni-
fers intra-annual xylem anatomy in water-limited environments. 
Dendrochronologia 59:125662. https:// doi. org/ 10. 1016/j. dendro. 
2019. 125662

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Ali Askarieh1,2 · Miren del Río3 · Jorge Aldea3 · José Riofrío4 · Felipe Bravo1,2

 * Ali Askarieh 
 ali.askarieh@uva.es

 Miren del Río 
 delrio@inia.csic.es

 Jorge Aldea 
 jorge.aldea@inia.csic.es

 José Riofrío 
 jriofrio@mail.ubc.ca

 Felipe Bravo 
 felipe.bravo@uva.es

1 SMART Ecosystems research group, Instituto Universitario 
de Investigación y Gestión Forestal Sostenible (iuFOR), 

Unidad Asociada de I+D+i al CSIC, Universidad de 
Valladolid, Avda, Madrid S/N, 34004 Palencia, Spain

2 Departamento de Producción Vegetal y Recursos Forestales, 
ETS de Ingenierías Agrarias, Universidad de Valladolid, 
Palencia, Spain

3 Instituto de Ciencias Forestales (ICIFOR-INIA), CSIC, 
Ctra. A Coruña, Km 7.5, 28040 Madrid, Spain

4 Integrated Remote Sensing Studio, Department of Forest 
Resources Management, University of British Columbia, 
2424 Main Mall, Vancouver, BC V6T 1Z4, Canada

https://doi.org/10.1016/j.dendro.2022.125983
https://doi.org/10.1007/s13595-013-0341-5
https://doi.org/10.1007/s13595-013-0341-5
https://doi.org/10.1371/journal.pone.0126223
https://doi.org/10.1016/j.foreco.2017.10.021
https://doi.org/10.1007/s11056-016-9562-4
https://doi.org/10.1016/j.foreco.2021.119917
https://doi.org/10.1016/j.foreco.2021.119917
https://doi.org/10.3389/fpls.2019.00397
https://doi.org/10.3389/fpls.2019.00397
https://doi.org/10.1016/j.agrformet.2020.108060
https://doi.org/10.1016/j.dendro.2019.125662
https://doi.org/10.1016/j.dendro.2019.125662

	Radial increment dynamics of Maritime pine (Pinus pinaster Ait.) in pure and mixed stands with Scots pine (Pinus sylvestris L.) under changing environmental conditions
	Abstract
	Introduction
	Materials and methods
	Study area and design
	Dentrometer and climatic data
	Pinus pinaster Intra-annual cumulative radial increment patterns

	Results
	Effect of stand composition, year, and tree size on intra-annual radial increment
	Weather effects on intra-annual radial increment

	Discussion
	Conclusion
	Acknowledgements 
	References




