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Abstract
Over recent decades, climate change has been particularly severe in the Mediterranean basin, where the intensity and 
frequency of drought events have had a significant effect on tree growth and mortality. In this context, differences in struc-
tural and physiological strategies between tree species could help to mitigate the damage inflicted by climate variability 
and drought events. Here, we used dendroecological approaches to observe common associations (synchrony) between 
indexed ring width in Pinus pinea and P. pinaster, as a measure of degree of dependence on climate variation or growth 
sensitivity to climate, as well as to analyze species growth responses to drought events through the Lloret’s indices of resist-
ance, recovery and resilience. Based on data from 75 mixed and pure plots installed in the Northern Plateau of Spain, we 
used modeling tools to detect the effect of the mixture, along with climate and stand-related variables, on the short-term 
responses and long-term growth sensitivity to climate. Our results showed a trade-off between resistance and recovery after 
the drought episodes. In addition, different attributes of tree species, such as age and size as well as stand density seemed 
to act synergistically and compensate drought stress in different ways. The presence of age and quadratic mean diameter 
as covariates in the final synchrony model for P. pinaster reflected the influence of other variables as modulators of growth 
response to climate. Furthermore, differences in growth synchrony in mixed and monospecific composition suggested the 
existence of interactions between the two species and some degree of temporal niche complementarity. In mixed stands, P. 
pinaster exhibited a lower sensitivity to climate than in monospecific composition, whereas P. pinea enhanced its resistance 
to extreme droughts. These results allowed us to identify the species-specific behavior of P. pinea and P. pinaster to mitigate 
vulnerability to climate-related extremes.

Keywords Resilience · Mediterranean forests · Drought · Synchrony · Mixed forests

Communicated by Lluís Coll.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1034 2-020-01336 -x) contains 
supplementary material, which is available to authorized users.

 * Marta Vergarechea 
 vergarechea.marta@gmail.com

 Rafael Calama 
 rcalama@inia.es

 Hans Pretzsch 
 hans.pretzsch@tum.de

 Josu G. Alday 
 josu.alday@udl.cat

 Miren del Río 
 delrio@inia.es

1 Department of Forest Dynamics and Management, Forest 
Research Center, INIA-CIFOR, Crta. de la Coruña km 7, 
5 - 28040 Madrid, Spain

2 Sustainable Forest Management Research Institute 
UVa-INIA, Av de Madrid 503, 34004 Palencia, Spain

3 Chair of Forest Growth and Yield Science, Technische 
Universität München, Freising, Germany

4 Joint Research Unit CTFC - AGROTECNIO, Av. Alcalde 
Rovira Roure 191, E25198 Lleida, Spain

5 Department Crop and Forest Sciences, University of Lleida, 
Av. Alcalde Rovira Roure 191, E25198 Lleida, Spain

6 Norwegian Institute of Bioeconomy Research, Postboks 115, 
NO1431 Ås, Norway

http://orcid.org/0000-0002-8631-2982
http://orcid.org/0000-0002-2598-9594
http://orcid.org/0000-0002-4958-1868
http://orcid.org/0000-0001-7510-8655
http://orcid.org/0000-0001-7496-3713
http://crossmark.crossref.org/dialog/?doi=10.1007/s10342-020-01336-x&domain=pdf
https://doi.org/10.1007/s10342-020-01336-x


388 European Journal of Forest Research (2021) 140:387–402

1 3

Introduction

Recent decades are characterized by dramatic increases 
in air temperatures and changes in precipitation regimes 
(IPCC 2018). Alarmingly, droughts are expected to occur 
more frequently, last longer and be more intense, affect-
ing tree allometry, reducing tree and stand growth or 
even increasing tree and stand-level decline and mortal-
ity (Trenberth et al. 2014). These changing and uncertain 
future conditions pose a potential risk to forest species or 
ecosystems (Allen et al. 2010). Therefore, the capacity of 
forests to cope with such future conditions and extreme 
events is an issue which has become increasingly impor-
tant in forest practice (Puettmann 2011).

Forest species display a wide spectrum of strategies 
(i.e., differences in xylem anatomy, plant allometry, 
stomatal behavior or rooting strategies) to cope with 
changing climate and drought events (Martínez-Vilalta 
et al. 2012; Grossiord 2019). All these different strate-
gies might be beneficial in mixtures since, according to 
insurance hypothesis, biodiversity insures ecosystems 
against declines in their functioning because the pres-
ence of a larger number of species provides greater likeli-
hood that some of them will continue functioning even if 
others fail (Yachi and Loreau 1999). Additionally, posi-
tive interactions between several cohabiting tree species 
could help them to cope with drought events (Pretzsch 
et al. 2013, 2014). However, contradictory findings have 
been reported, since certain responses being highly species 
composition dependent (Grossiord 2019). Other factors, 
such as tree size, competitive status of the tree, age, or site 
conditions also have an impact on tree growth response 
to drought (Lloret et al. 2011; Merlin et al. 2015). All 
the above factors can also act synergistically and may be 
dynamic, changing according to stand dynamics, resource 
availability or climate conditions (Belote et al. 2011; Asti-
garraga et al. 2020).

Furthermore, the legacy of past land use and manage-
ment practices may exacerbate the impacts of drought 
on forests (Vernon et al. 2018) and lead to dieback due 
to continuous drought-induced conditions (Gazol et al. 
2018). However, during recent years, forest management 
goals have shifted more generally toward enhancing eco-
system resilience (Nocentini et al. 2017). This paradigm 
shift (from management based mainly on the provision of 
goods and services toward favoring mitigation and adapta-
tion of forest) is essential for forest ecosystems which are 
more vulnerable to climate change, such as Mediterranean 
forests (Palahi et al. 2008).

The effect of drought on forest systems may last for 
several years, since dry conditions reduce tree growth 
and often weaken trees by deteriorating their vigor (for 

example, water and resource consumption, growth and 
root production) (Camarero et al. 2018; Colangelo et al. 
2018). Hence, the analysis of tree growth based on annual 
rings represents a suitable approach for reconstructing the 
long-term effects of environmental variables on growth 
(González de Andrés et al. 2018), and provides a record, 
with annual resolution, of growth response to climate, 
which is also highly useful for the study of past known 
disturbances such as drought events (Fang and Zhang 
2019). In this context, the concept proposed by Lloret et al. 
(2011) to quantify resilience components of tree growth 
through indices of resistance, recovery and resilience 
can be considered in order to assess species responses to 
disturbances. These indices have recently been applied 
to investigate how tree species diversity can be used as 
an effective silvicultural tool to counteract the adverse 
impacts of droughts on tree growth (Pretzsch et al. 2013; 
Grossiord 2019; Steckel et al. 2020).

Synchrony in inter-annual growth variation among trees 
has been used to analyze the response of tree species to cli-
matic restrictions, since these constraints tend to strengthen 
growth–climate relationships. Harsher climate conditions 
might result in enhanced common ring width signals among 
stands, or greater spatial synchrony (Shestakova et al. 2016), 
as well as within-stand, or within-population synchrony 
(Tejedor et al. 2020). Similarly, analyzing synchrony in 
tree growth within and between species in pure and mixed 
forests may provide additional information about the spe-
cies-specific degree of dependence on inter-annual climate 
fluctuations or growth sensitivity to climate, and possible 
species interactions which modify species-specific growth 
response to climate variation (del Río et al. 2014). Spatial 
synchrony analysis at regional level is highly relevant, since 
a certain relationship has been observed between spatial 
synchrony and the vulnerability of populations; the greater 
the synchrony between population dynamics, the greater the 
probability of extinction (Heino et al. 1997). Accordingly, 
within-stand synchrony was found to be a good indicator of 
the impact of climate change on tree growth stress (Tejedor 
et al. 2020). Although few methodological approaches cur-
rently exist to unravel the complexities of tree-ring signals 
(Alday et al. 2018); Shestakova et al. (2014) presented a 
sound methodology to analyze synchrony patterns in tree-
ring networks, ranging from local (Shestakova et al. 2018) to 
sub-continental scales (Shestakova et al. 2016). Through this 
approach, it is possible to test the presence of contrasting 
tree-ring patterns in pre-established groups of chronologies, 
so it could be very useful to detect common temporal signals 
between different species across time and space.

In this study, we focus on the Mediterranean pinewoods 
of the Northern Plateau in Spain, where some symptoms 
of decay have been already reported (Prieto-Recio 2016; 
Calama et al. 2019). In this region, Pinus pinea L. and P. 
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pinaster Ait. populations have been favored due to the high 
economic importance of edible pine nut production in the 
case of P. pinea, and timber and resin production in the case 
of P. pinaster (Gordo et al. 2012), these populations having 
been managed in the area since Middle Ages (Prieto-Recio 
et al. 2015). Both species are found in monospecific and 
mixed stands, sharing territory as well as ecological condi-
tions (Calama et al. 2017) and several studies have demon-
strated that precipitation is the main growth-driving factor 
for the two species in these Mediterranean forests (Prieto-
Recio 2016; Calama et al. 2019). The effect of water scarcity 
is more evident in P. pinaster which seems to display worse 
adaptation to the current environmental conditions than P. 
pinea (Vergarechea et al. 2019a, b). Furthermore, tree-ring 
formation in both species is very sensitive to drought events 
(Bogino and Bravo 2008; Mazza et al. 2014).

The main aims of this study were to examine the dif-
ferences in short-term responses to several drought events 
as well as the long-term influence of climate variability on 
annual growth in two important Mediterranean species (P. 
pinea and P. pinaster). We examined the role of species 
composition, tree size, age and stand density in order to bet-
ter understand how these factors interact with tree growth 
responses to climate and episodic drought stress. For this 
purpose, we used data from 75 mixed and monospecific plots 
installed in 2016 in the Northern Plateau of Spain. Our main 
hypotheses were that: i) tree growth response to drought 
differs between P. pinea and P. pinaster and for both spe-
cies improves in mixed stands; ii) tree size, tree age or stand 
density negatively affect these responses in both species; iii) 
synchrony in tree growth response to inter-annual climate 
variability is species-specific and decreases in mixtures.

Materials and methods

Study area

The study area is located on the Northern Plateau of Spain. 
This region is defined by the river Duero Basin with typical 
soils presenting a large percentage of sand and low nutrient 
content. The study was centered in the province of Vall-
adolid, where these species cover approximately 68.000 ha, 
with monospecific P. pinea stands covering 70% of the area, 
monospecific P. pinaster 10% and mixed forest of the two 
species, 20% (PORF 2008).

Up until the 1960’s, P. pinaster was traditionally favored 
over P. pinea in the region, due to the economic importance 
of resin (Gordo 1999). As a consequence, the management of 
the area was conditioned by the production of resin, resulting 
in clearcutting methods with short rotation (80 years) and 
regeneration periods (10 years). Following the resin crisis 
in the 1980s there was as a shift toward favoring P. pinea 

stands, a situation that has continued until the present. A uni-
form shelterwood system was proposed based on experience 
from other regions (e.g., Andalusia) (Montero et al. 2008). 
Rotations in monospecific stands of P. pinea currently range 
from 100 to 120 years, while for monospecific stands of P. 
pinaster the rotation is around 80–100 years (Calama et al. 
2017). In mixed stands, management tends to mimic the 
practices proposed for the dominant species, since no spe-
cific guidelines for these mixtures currently exist.

Experimental design

The dataset consists of 75 plots installed by INIA-CIFOR 
in 18 public forests located in the province of Valladolid 
(Fig. 1). Mixed (25 plots) and monospecific P. pinaster plots 
(25 plots) were installed between the summer of 2015 and 
the spring of 2016. Monospecific, even-aged P. pinea plots 
(25 plots) were set up in 1996 in cooperation with the forest 
services of Valladolid (Junta de Castilla y León) and are 
regularly monitored. (The most recent inventory was carried 
out in 2016.) In order to achieve an accurate representation 
of stand variability in the region, plots were selected to cover 
the whole range of stocking, age and site conditions in even-
aged stands. Furthermore, the plots were installed in stands 
with no signs of recent (< 5 years) thinnings, regeneration 
cuttings or pruning. Monospecific plots included 20 trees. 
The number of trees in mixed plots ranged from 20 to 36, 
with at least ten trees of the less represented species. Thus, 
the admixture proportion in the investigated plots ranged 
from 27 to 50% in P. pinea and 50% to 73% in P. pinaster. 
In each plot, tree measurements included tree coordinates, 
species, diameter at breast height (DBH, cm), total height 
(Height, m), height to crown base (Live_Branch, m) and four 
crown radius measurements (Crown Radius m) (Table 1). In 
addition, we calculated the quadratic mean diameter (Dg), 
which represent the level of tree space occupation (Corvalán 
and Hernández 2006), and the stand density index (SDI) pro-
posed by Reineke (1933), which is an expression of relative 
stand density and it characterizes the degree of crowding 
with respect to standard conditions. This index was calcu-
lated using the following equation:

where N is the number of trees per hectare and Dg is the 
quadratic mean diameter of the trees in the plot. We used 
the generic figure proposed by Reineke E = − 1.605 for the 
coefficient E in eq. [1] for both species.

Two radial increment cores were extracted perpendicu-
larly at breast height (1.30 m) from a subset of five sample 
trees per plot (the five closest to the center of the plot) in 
monospecific P. pinaster plots and of ten sample trees per 

SDI = N

(

25

Dg

)E
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plot (five of each species closest to the center of the plot) in 
mixed plots. The P. pinea sample trees were selected accord-
ing to the protocol for the long-term network of permanent 
plots (see Calama et al. 2019 for further details), so the num-
ber of cored trees per plot varies from three to five. In order 
to estimate the stand age, one increment core per plot and 
species was taken from the base of the tree. The total number 
of cored trees was 250 for P. pinaster and 223 for P. pinea.

Climate data

The climate is continental-Mediterranean with a mean 
annual temperature of 11.2 °C and extreme absolute tem-
peratures in summer (40 °C) and winter (− 10 °C). The mean 
annual precipitation is 435 mm, with a dry period between 
July and September. Frosts may occur from September to 
May. Due to the homogeneity of the climate over the whole 

studied area, we used climate data from a single meteoro-
logical station (Sardon de Duero—Valladolid, 424202 
E—413643 N, 725 a.s.l) for all the analyses. In addition to 
monthly data for mean, maximum and minimum tempera-
ture and precipitation, we calculated the Standardized Pre-
cipitation Evapotranspiration Index-SPEI (Vicente-Serrano 
et al. 2010) to estimate drought intensity according to its 
strength and duration in the studied area. Negative values 
below − 1 and positive values above 1 for this index corre-
spond to dry and wet periods ,respectively. To better identify 
the temporal variability of the SPEI in the studied area and 
its potential influence on tree growth we then calculated the 
SPEI for three accumulated periods: 6, 9 and 12 months, 
obtaining three SPEI values for each month of the year. For 
further analysis, monthly SPEI values were averaged into 
a single yearly value using; a) the period from 1 October 
of the previous year to 30 September of the current year 

Fig. 1  Distribution of the monospecific and mixed P. pinea and P. pinaster permanent plots comprising our dataset for Valladolid province

Table 1  Main stand variables for P. pinea and P. pinaster in mixed and monospecific plots. Mean (± SD)

N: number of trees; BA: basal area; DG: mean square diameter; Ho: Dominant height; SDI: standard density index; SI: site index for P. pinea 
(100 years) and P. pinaster (60 years)

Composition N(Trees/ha) BA  (m2/ha) DG (cm) Ho (m) SDI Age SI

Pure P. pinea 162.14 (72.13) 21.68(10.47) 41.26 (10.26) 13.25 (9.80) 316.10 (104.33) 88.12 (29.7) 14.16 (2.51)
Mixed P. pinea 58.22 (19.12) 7.35 (2.40) 41.15 (7.38) 13.90 (2.47) 121.84 (37.31) 63.04 (28.7) 17.15 (4.18)
Pure P. pinaster 181.38 (107.99) 22.92 (11.39) 40.81 (6.70) 16.62 (1.56) 374.82 (179.86) 57.66 (18.7) 11.48 (1.08)
Mixed P. pinaster 66.15(18.31) 7.38 (2.99) 37.74 (4.51) 15.11 (2.20) 123.74 (36.03) 51.64 (17.7) 10.34 (1.45)
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(hydrological year in the region) b) and from January to 
December (chronological year). The adequacy of the dif-
ferent accumulation periods was then determined through 
Pearson correlations with the dendrochronological master 
series (see Sect. 2.4) of P. pinea and P. pinaster, built using 
the data from monospecific plots. The SPEI index was calcu-
lated using the “SPEI” package in R (Berguería and Vicente-
Serrano 2017).

Dendrochronological analyses

Increment cores were mounted on wooden supports and 
sanded until tree-ring boundaries were clearly visible and 
later measured using a LINTAB measuring table (Rinntech 
2010) with an accuracy of 0.01 mm. The quality of cross-
dating and synchronization of the growth series were then 
assessed using the “dplR” R package (Bunn 2010). This 
package was also used to calculate the mean series of annual 
radial increments for each individual, which were then trans-
formed into series of basal area increments (BAI) since this 
variable is preferable for analyzing growth trends (Biondi 
and Qeadan 2008):

where rt and rt−1 represent the stem radius at the end and the 
beginning of a given annual ring increment corresponding 
to rings formed in t and t − 1 years. To eliminate the bio-
logical growth trends and to produce stationary and residual 
chronologies of dimensionless basal area increment indices 
(IBAI) (Fritts 1976), we applied a detrending procedure and 
autocorrelation removal using the Friedman supersmoother 
spline (Friedman 1984) and autoregressive modeling. In 
addition, to observe the reliability of the chronologies, we 
calculated standard dendrochronological statistics (mean 
tree-ring width, mean correlation with master series, mean 
sensitivity and expressed population signal (EPS)) (Speer 
2010), grouped by species and species composition (mono-
specific vs mixed stands).

Selection of drought event years

In order to determine tree growth response to drought, we 
selected specific drought events, hereafter “pointer years”, 
with a notable effect on growth at individual level (Steckel 
et al. 2020). First, we used a function implemented in the 
pointRES R package (Cropper 1979; Van Der Maaten-
Theunissen et al. 2015) to identify negative pointer years, 
by normalization of a moving window method. This method 
relates tree growth in a particular year to the average growth 
of a specific number of preceding years. In this study we 
determined the common pointer years as those years in 
which at least 60% of the P. pinea and P. pinaster trees 

BAI = �
(

r2
t
− r2

t−1

)

showed a basal area increment (BAI) decrease of at least 
60% relative to the average BAI in the 3 previous years 
(windows length). We then compared those negative pointer 
years with values for previously calculated Standardized 
Precipitation Evapotranspiration Index (SPEI) in order to 
ensure that these periods correspond to droughts and were 
not caused by other local drivers. Based on the approach out-
lined in Potop et al. (2014), we considered specific drought 
years that displayed at least 1 month with a SPEI ≤ − 1 
during the growing season. Additionally, given the limita-
tions of the SPEI for detecting short-term periods of intense 
drought, we contrasted this information with the annual cli-
matic diagrams and with monthly SPEI values calculated for 
1 month accumulated period to explore the characteristics 
of the drought period (Fig. S1 and Table S1). In this way, 
years identified as both negative pointer years and drought 
years, were deemed to be drought events and used to assess 
tree growth responses to drought.

Tree growth response to drought

To evaluate the performance of individual trees under epi-
sodic drought stress, we calculated numerical indices for 
resistance, recovery, and resilience (Lloret et al. 2011) for 
all the sampled trees. The indices were obtained through 
the annual basal area increment indices (IBAI) for all indi-
vidual trees. We then averaged the relative IBAI values for 
a period of 3 years prior to the drought period (PreDr), for 
the year of drought (Dr), and for a period of 3 years follow-
ing the drought period (PostD). We used this period of three 
years because we consider that it represents a good trade-off 
between the period being sufficiently long to ensure a good 
estimation of the mean growth before and after the drought 
event while avoiding an overlap with pre- and post-drought 
periods. These values were used to calculate the resistance of 
trees to drought, determined as the ratio between growth dur-
ing the drought event and growth during the respective pre-
drought period (Rt = Dr/PreDr). This index (Rt) quantifies the 
decrease from the pre-drought period to the drought period 
and a value of Rt close to 1 indicates complete resistance, 
while values falling below 1 indicate lower resistance. The 
growth reaction following the drought event was explained 
by the recovery index. This index (Rc) is determined by the 
ratio between the post-drought growth and the growth dur-
ing the respective drought event (PostDr/Dr). Here, Rc = 1 
implies persistence of a low level of growth even after the 
drought, Rc < 1 implies further decline, and Rc > 1 can be 
interpreted as recovery after the drought period. Finally, the 
ratio between post-drought and pre-drought increment was 
represented by the resilience index, Rs = PostDr/PreDr. In 
this case, full recovery or even an increase after the episodic 
stress is indicated by values of Rs ≥ 1, while Rs < 1 reveals 
growth decline and low resilience.
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For contrasting hypothesis (i) we analyzed the possible 
effect of species on the components of resilience by check-
ing for significant differences in these indices associated 
with the species (P. pinaster vs P. pinea) at each level of 
composition (mixed vs monospecific). Given the lack of 
normality observed in the distribution of the components of 
resilience, these paired comparisons were carried out using 
Mann–Whitney tests.

Tree growth synchrony

We defined synchrony, âc, as the presence of a relevant com-
mon signal for a time-varying trait, (in our case annual indi-
ces of basal area increment), in a group of tree-ring series. 
To study the behavior of the two species growing in mixed 
and monospecific stands, we estimated synchronies at plot 
level, that is, the synchrony between the tree-ring series 
in a specific plot, for a period covering the last 30 years. 
Synchrony was estimated as the inter-series temporal cor-
relation, which may express the degree of dependence on 
inter-annual climate fluctuations.

To analyze the pattern of covariation among the tree-ring 
series by plot, between and within species in the case of 
mixed plots, we used different variance–covariance (VCOV) 
mixed models according to the approach by Shestakova et al. 
(2016). The different VCOV models for each plot were 
then compared using standard criteria for model selection 
(Akaike and Bayesian information criteria) (Burnham et al. 
2002). We obtained the synchrony values (âc) from the 
VCOV of the best mixed model (Shestakova et al. 2018a, b; 
Alday et al. 2018). Values close to 1 represent a near-perfect 
synchrony between tree-ring series while values close to 0 
indicate asynchrony. Thus, we obtained an intra-specific 
synchrony value for each monospecific P. pinea and P. pin-
aster plot, whereas for each mixed plot we estimated three 
synchrony values, the two intra-specific synchronies and the 
inter-specific synchrony (P.pinea—P. pinea/P. pinea—P. 
pinaster/P.pinaster—P-pinaster). The DendroSync package 
was used to calculate synchronies at plot level (Alday et al. 
2019). To test the hypothesis (iii) we evaluated the following 
comparisons:

A. Differences in intra-specific synchrony depending on 
of the type of forest (monospecific, mixed) where the 
tree population exists (i.e., monospecific P. pinea ver-
sus monospecific P. pinaster and mixed P. pinea versus 
mixed P. pinaster). These comparisons allowed us to 
identify whether the two species show different degree 
of dependence on inter-annual climate variation in both 
pure and mixed stands.

B. To test whether mixing species modifies the species-
specific degree of dependence on inter-annual climate 
fluctuation, we compared the synchrony of trees of the 

same species (intra-specific synchrony) living in mono-
specific or mixed plots (i.e., monospecific P. pinea ver-
sus mixed P. pinea and monospecific P. pinaster versus 
mixed P. pinaster).

C. Finally, we compared differences in intra- and inter-
specific synchronies of trees growing in mixed plots. 
If inter-specific synchrony is lower than intra-specific 
synchronies, it might reflect that two species respond in 
a different way to inter-annual climate variation.

Modeling approaches for the components 
of resilience

To check hypothesis (ii), we used linear mixed models to 
evaluate whether Rt, Rc and Rs were related to any of the fol-
lowing explanatory variables ( X ): tree age, tree size, species 
composition (mixed or monospecific), standdensity index 
(SDI), and the year of the drought event. We proposed these 
separate analyses per species—instead of including species 
as a factor—in order to adequately describe the pattern of 
response of each species and avoid high-order interactions.

Given the hierarchical structure of the data, random plot 
effects were included in the model.

The expression of the models was then formulated as:

where Ijik is the observation for the response variable (one 
of the three indices) recorded for the ith tree within the jth 
plot during the drought event year kth. In this case Xijk is the 
vector containing the observed values for the explanatory 
covariates while � is the vector of the estimable parameters. 
Finally, uj represents the plot random effect, normally dis-
tributed with mean zero and variance �2

u
 , and � represents 

the independent and identically distributed residual error.

Modeling Approaches for the Synchrony Values

To quantify the effects of stand characteristics on synchrony 
values of P. pinea and P. pinaster, we built a logistic regres-
sion model for each species. In this regard, the logit transfor-
mation is widely used in percentages, ratios and covariates 
ranging between 0 and 1. We related the âc values, previ-
ously obtained, to the different stand characteristics, such 
as age, species composition of the plot (mixed or monospe-
cific), stand density index (SDI), and quadratic mean diam-
eter (DG). The expression of the models was the following:

where â j is the observation for the response variable (syn-
chrony) recorded in the jth plot. In this case Xj is the vector 

Iijk = Xijk� + ui + �

logit
(

â j

)

= ln
(

a

1 − a

)

= Xj�
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containing the observed values for the explanatory covari-
ates while � is the vector of the estimable parameters.

In the case of linear mixed models (Lloret’s indices), we 
fitted the complete model including all the explanatory vari-
ables in the fixed part and then we carried out a backward 
procedure for the selection of fixed effects in each model. 
Similar procedure (backward) was used in the selection of 
covariates in the logistic regression models (synchrony). 
Finally, we used the Akaike information criterion (AIC) as 
well as the significance of the parameter estimates to select 
the best model.

In order to avoid collinearity between all the exploratory 
covariates included in the models (both the Lloret mod-
els and the synchrony model), we checked the correlation 
between them by computing the variance inflation factor (or 
VIF). This procedure was performed using the R function vif 
from the car package (Fox and Weisberg 2019).

All models were processed using R version 3.3.3 (Team R 
Core 2018) and the lme4 package, version 3.5.3 (Bates et al. 
2015). Normality and homogeneity of the residual variance 
were checked by visual inspections of diagnostic plots of 
residuals against fitted values (Zuur et al. 2010).

Results

Tree growth and selection of drought events

We found that the increment in the mean tree basal area for 
both species was higher in mixed composition compared to 
monospecific plots. Similar results were obtained when we 
compared the mean tree-ring width in mixed and pure com-
positions (Table 2). These variations in tree-ring width as 
well as basal area increment might partly be explained by the 
differences found in tree age between pure and mixed stands 
(particularly for P. pinea), an in stand-level basal area, which 
was lower in the mixed stands than in pure stands (Table 1).
The values of the expressed population signal (EPS) as well 

as the mean correlation between separate tree-ring series 
and the master chronology, both in monospecific and mixed 
compositions (Table 2), revealed that all chronologies can be 
considered reliable and well replicated (EPS > 0.85) (Wigley 
et al. 1984).

Although the results of the Pearson correlations between 
the master chronologies and the different options for com-
puting the Standardized Precipitation Evapotranspiration 
Index-SPEI were quite similar, the highest correlation was 
found for the SPEI-6 averaged over the hydrological year 
and an accumulation period of 6 months (Table S2, supple-
mentary material), both in P.pinea and P. pinaster. There-
fore, this was the SPEI value which was used for the rest of 
the study to evaluate drought severity in the studied area.

We identified the years 1992, 2005 and 2012 as pointer 
years using the normalization in a moving window method. 
These 3 years were used to evaluate the performance of indi-
vidual trees under episodic drought stress. 2005 and 2012 
were years with low average SPEI-6 values (Fig. 2), while 
1992 showed negative SPEI-6 values ≤ − 1 for at least one 
month during the growing season (Fig. S1 and Table S1, 
supplementary material). In this regard, although 1992  is 
not observed in Fig. 2 as a drought year and appears to be 
a normal year with SPEI-6 values close to 0, we observed 
a significant reduction in tree growth for all the individuals 
in that year. Since the dataset included different stands and 
forests located in different municipalities, we can discard the 
occurrence of a local disturbance as being the cause of the 
observed growth reductions in 1992. In addition, no refer-
ences to pest outbreaks or extreme frost events resulting in 
growth reduction are recorded for that year. Furthermore, 
when examining the distribution of the precipitation over 
the year we observed a clear period of “dry conditions” dur-
ing late winter and early spring, with negative SPEI-6 value 
from January to April (Fig. S1 and Table S1, supplementary 
material). Hence, we decided to maintain 1992 as a ‘drought 
year’ in order to explore the performance of tree species 
under these dry conditions.

Table 2  Description 
of structural and 
dendrochronological variables 
for cored trees in mixed and 
monospecific plots

Pure_P. pinea Mixed_P. pinea Pure_P. pinaster Mixed_P. 
pinaster

Number of cored trees 98 125 125 125
Number of sampled cores 195 375 375 375
Mean length of series (years) 53 60 59 52
Maximum length of series (years) 117 151 127 120
Mean tree-ring width (mm) 1.83 2.52 2.11 2.6
Mean basal area increment  (cm2) 3.87 5.67 4.75 6.18
Mean correlation with master series 0.5 0.61 0.63 0.62
Mean inter-series correlation 0.60 0.63 0.62 0.59
Mean sensitivity 0.41 0.38 0.35 0.34
Expressed population Signal 0.98 0.99 0.98 0.98
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Species differences in growth response to drought 
events

We observed significant differences in resistance Rt (p 
value < 0.001) and recovery Rc (p-value < 0.008) after 
drought events between the two species, although not in 
resilience index Rs (p-value = 0.418). P. pinea showed 
lower Rt (0.54) than P. pinaster (0.63). In contrast, recov-
ery in P.pinea was greater (2.43) than that of P.pinaster 
(2.11). When we applied the Mann–Whitney test sepa-
rately in mixed and monospecific compositions, we found 
similar results for the resistance and recovery indices but 
not for resilience. Differences between species in term 
of resilience were only observed in mixed composition, 
with P. pinaster showing lower Rs than P. pinea (Table 3, 
Fig. 3).

Species differences in growth synchrony

When comparing the intra-specific synchronies of the two 
species, the results of the t test showed that they differed 
significantly in mixed composition but not in monospecific 
composition (Table 4, A). This result indicates that the 
strength of common signal is similar for the two species in 
monospecific stands, but not in mixtures where intra-specific 
synchrony in tree growth series was lower for P. pinaster 
than for P. pinea. Accordingly, there were significant dif-
ferences in the synchrony values for P. pinaster between 
monospecific and mixed composition, with lower values for 
the latter, whereas this difference was not observed in the 
case of P. pinea (Table 4, B). Finally, the comparisons of the 
inter-specific and intra-specific synchronies in mixed plots 
only revealed significant differences in the case of P. pinea, 
with lower inter- than intra-specific synchrony (Table 4, C), 
indicating that the two species differ to some extent in their 
growth response to inter-annual climate variation (Fig. 4).

Resistance, recovery and resilience models

The estimated parameters of the fitted models for the three 
resilience components, by species, are shown in Table 5. 
We found a significant effect of the drought events for both 
species. The resistance of the two species was greater in the 
2012 drought event, although this event was the worst in 
terms of recovery, both in P. pinea and P. pinaster. The best 
recovery in both species was observed following the 2005 
drought event (Fig. 3). Note also that 1992 was the most 

P. pinea

P. pinaster

1992 2005 2012

Fig. 2  Ring width indices for each sample (gray lines) of P. pinea and 
P. pinaster. Mean fluctuation of P. pinea (a) and P. pinaster (b) in 
monospecific and mixed stands. Different values for the Index-SPEI 

(c) computed using various temporal windows (6, 9 and 12 months) 
and two options for the growth period (hydrologic and calendar year)

Table 3  Mann-Whitney test results for the Lloret indices comparing 
both species in mixed and monospecific composition

Rt: Resistance index; Rc: Recovery index; Rs: Resilience index

P-value Median
P. pinea

Median
P. pinaster

Rt Mixed < 0.0001 0.510 0.638
Monoespecific 0.001 0.525 0.590

Rc Mixed < 0.0001 2.208 1.664
Monospecific 0.001 2.122 1.811

Rs Mixed 0.006 1.105 1.075
Monospecific 0.846 1.101 1.082
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negative drought event in terms of resilience, while 2005 
was the most positive.

The modeling results also showed a positive effect of 
mixture on the resistance capacity of P. pinea, although it 
was mediated by tree size (negative interaction between mix-
ture and tree diameter at breast height), leading to a lower 
mixing effect on large trees. In the case of P. pinaster, larger 
tree diameters led to lower resistance to drought events, but 
also to greater recovery. Species composition had no effect 
for P. pinaster (Table 5). As regards the stand density index 
(SDI), we detected a positive effect on recovery capacity in 
P. pinaster.

Synchrony models

As regards the fitted models for the synchrony compo-
nents, none of the available covariates was found to be 
significant for P. pinea. The final model for P. pinaster 
indicated that both age and quadratic mean diameter sig-
nificantly increased the intra-specific synchrony, and that 
the presence of mixture in the plot led to lower synchrony 
in this species (Table 6), in accordance with results in 
Table 4, B.
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Fig. 3  Boxplots showing the median values and error bars for the different components of resilience calculated for P. pinea and P. pinaster in 
mixed and monospecific composition
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Discussion

We provide different temporal-scale approaches (short-
term impacts of extreme droughts and long-term strength 
of climate signal) to the analysis of tree species responses 
to climate. The results corroborate our two first hypotheses 
on the existence of different behaviors in P. pinea and P. 
pinaster to cope with drought stress based on variables 
such as age, composition (monospecific or mixed), stand 
density, size or drought intensity. The third hypothesis was 
corroborated only partially, as synchrony levels were dif-
ferent between species only in mixed stands.

Factors influencing tree responses to extreme 
drought

Results of the resilience components models showed a 
clear trade-off between resistance and recovery after the 
drought episodes. In this regard, Klein (2014) and Mar-
tínez-Vilalta et al. (2014) suggested that these different 
patterns of low resistance/high recovery vs. high resist-
ance/low recovery represent different strategies of plants 
to cope with droughts. However, Schwarz et al. (2019) 
pointed that even if this trade-off exists, it is important to 
explore which of these two components is more important 
in the face of a drought event. In this regard, P. pinea 

Table 4  Results for the t test analysis to evaluate different synchrony 
patterns. (A) Comparing the intra-specific synchrony of the two spe-
cies in mixed and monospecific composition. (B) Comparing, sepa-
rately for each species, the intra-specific synchrony between mixed 
and monospecific composition. (C) Comparing, for each species, the 

intra-specific with inter-specific synchrony in mixed plots. Means of 
the two options in each case (i.e., in case A, mean of P. pinea syn-
chrony values and mean of P. pinaster synchrony values in the first 
line in monospecific composition and in the second line in mixed 
composition)

Where Mean 1: first element of the comparison (P. pinea in case A, Mixed in case B and inter in case C); Mean 2: second element of the com-
parison (P. pinaster in case A, Monospecific in case B and intra in case C)

Case Unit of comparison p-value Mean1 Mean2

(A) P. pinea vs P. pinaster Monospecific 0.7451 0.5336 0.5483
Mixed 0.0013 0>5407 0.4317

(B) Mixed vs Monospecific P. pinea 0.882 0.5341 0.5336
P. pinaster < 0.0001 0.4333 0.5483

(C) Inter vs intra P. pinea 0.0007 0.4349 0.5341
P. pinaster 0.9475 0.4349 0.4330

Fig. 4  Mean values and stand-
ard deviation for synchrony val-
ues in P. pinea and P. pinaster 
in mixed and monospecific 
composition
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showed lower resistance and greater recovery than P. pin-
aster (Table 4), reflecting certain distinct strategies of the 
two species. Although pine species show in general an 
isohydric behavior, some differences in physiological strat-
egies to deal with water shortages are reported among pine 
species (Salazar-Tortosa et al. 2017), and consequently, in 
tree growth response to extreme droughts (Marqués et al. 
2016; Salazar-Tortosa et al. 2018).

The impact of the drought event may be influenced by 
two factors; the moment at which the dry conditions arise 
(Michelot et al. 2012) and the availability of accumulated 
reserves (Morán-López et al. 2014). Here, there was a period 
of intense water deficit during early spring 1992 (value of 
SPEI below − 1 in May), which probably had a negative 
effect on the cambial activity (Martin-Benito et al. 2013). 
Similarly, the years prior to 2005 were also characterized 

Table 5  Summary of final parameterization of the Lloret indices models for P. pinea and P. pinaster 

Where DBH: diameter at breast height of the tree in cm; Age: age of the tree; SDI: Reineke stand density index in the plot; Mix: dummy variable 
related to the presence or not of mixture; SPEI: Standardized Precipitation Evapotranspiration Index. Parameters with a p-value lower than 0.05 
are in bold

Model Sp Effect Parameter Estimate Standard error t value Pr > |t|

Resistance P. pinea Intercept α0 0.7211 0.043 16.498 < 0.0001
DroughtYear_2005 β1_2005 − 0.0704 0.0158 − 4.887 < 0.0001
DroughtYear_1992 β1_1992 − 0.1065 0.0181 − 5.476 < 0.0001
DBH β2 0.00005 0.0004 0.426 0.6709
Mixed Β3 0.2451 0.0730 3.354 0.0009
DBH x Mixed β2_m − 0.0004 − 0.0001 − 3.786 0.0001
Variance of random effects
plot σ1 0.0084

P. pinaster Intercept α0 0.976 0.0533 15.46 < 0.0001
DroughtYear_2005 β1_2005 − 0.211 0.0204 − 10.326 < 0.0002
DroughtYear_1992 β1_1992 − 0.226 0.0235 − 9.593 < 0.0003
DBH β2 − 0.0003 − 0.0005 − 2.599 0.00962
Age β3 − 0.0015 − 0.0001 − 2.710 0.00762
Variance of random effects
plot σ1 0.0041

Recovery P. pinea Intercept α0 1.539 0.218 7.042 < 0.0001
DroughtYear_2005 β1_2005 0.974 0.0882 10.867 < 0.0001
DroughtYear_1992 β1_1992 0.605 0.0993 6.009 < 0.0001
Variance of random effects
plot σ1 0.1625

P. pinaster Intercept α0 − 1.478 0.9951 − 1.485 0.1433
DroughtYear_2005 β1_2005 1.625 0.0931 17.451 < 0.0001
DroughtYear_1992 β1_1992 0.652 0.1051 6.208 < 0.0001
log (SDI) β2 0.396 0.1717 2.311 0.0249
DBH β3 0.002 0.0006 2.684 0.0075
Variance of random effects
plot σ1 0.1166

Resilience P. pinea Intercept α0 1.066 0.0218 48.823 < 0.0001
DroughtYear_2005 β1_2005 0.2848 0.0234 12.141 < 0.0001
DroughtYear_1992 β1_1992 − 0.028 0.0249 − 1125 0.261
Variance of random effects
plot σ1 0.009

P. pinaster Intercept α0 1.020 0.025 40.166 < 0.0001
DroughtYear_2005 β1_2005 0.418 0.0273 15.277 < 0.0001
DroughtYear_1992 β1_1992 − 0.052 0.027 − 1.901 0.0577
Variance of random effects
plot σ1 0.013
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as dry years, with an important heat wave in 2003. This 
fact likely influenced vigor, leaving the trees more vul-
nerable to the impact of drought. Conversely, the 2 years 
prior to 2012 were very wet, so these years probably influ-
enced (positively) the resistance capacity of the species and 
could explain why the recovery capacity in 2012 is some-
what lower than in 1992 and 2005, since as Pretzsch et al. 
(2013) noted, the more a tree growth is decreased during 
the drought, the more it regrowth (recover) after the drought 
event. In this regard, Andivia et al. (2020) also observed 
that post-drought precipitation was lower after the 2012 
than 2005 drought event, which would likely decrease the 
recovery capacity of the species during this year. This trend 
could reveal a cumulative effect of droughts on the capac-
ity of these tree species to respond to consecutive droughts 
(Navarro-Cerrillo et al. 2018), which may compromise the 
resilience capacity of tree species due to loss of leaf area, 
depleted reserves of carbohydrate and hydraulic dysfunction 
(Anderegg and Anderegg 2013; Andivia et al. 2020).

However, note that the use of SPEI index neglects the 
importance of local soil characteristics as well as that of 
actual water availability, which could hamper the com-
parison of values for different periods (Zang et al. 2020). 
Accordingly, our results for the analysis of pointer years 
(i.e., anomalously wide or narrow rings), originating from 
extreme events, only partly coincide with the peaks obtained 
in the SPEI-6 values (Fig. 2), evidencing the limitations of 
using this index and the importance of considering addi-
tional information such as intra-annual climate conditions 
when defining drought events (Fig. S1, supplementary 
material).

Regarding the different variables modulating tree 
growth response to drought, we found that in the case of 
P. pinaster, young, smaller trees were more resistant than 
older, large trees, which confirm our second hypothesis 
for this species. This is in agreement with the results of 
previous studies which point to tree age and size having a 
possible influence on low-growth periods in P. pinaster, 
while also highlighting the complexity of these effects 
(Navarro-Cerrillo et al. 2018). Our results also revealed 
contrasting effects of increasing DBH in P. pinaster, with 

resistance decreasing but the recovery capacity increasing. 
These findings agree with those of Merlin et al. (2015), 
who observed a better response in small trees in terms of 
resistance to drought and, as in our case, faster recovery in 
larger trees. Nonetheless, the findings of Pichler and Ober-
huber (2007) contradict our results, since they found that 
small trees are more affected by drought events than larger 
trees because the shallow root system. A more extensive 
root system may allow larger trees to compete more effec-
tively during drought events (Maluquer et al. 2018), how-
ever, taller trees can be exposed to elevated atmospheric 
water demands and present longer hydraulic path lengths, 
which exacerbate drought stress (McDowell et al. 2013). 
This opposing mechanism could explain the lack of uni-
formity in the effect of tree size and age on resistance to 
drought (Zang et al. 2014; Andivia et al. 2020).

The higher stand density (SDI) improved the ability to 
regain growth (recovery) to pre-drought levels in P. pin-
aster. However, the literature on this issue generally points 
to a negative effect of high stand densities on the resist-
ance capacity of tree species due to decreased availability 
of resources (Thurm et al. 2016). This density effect agrees 
with the abovementioned theory concerning the existence of 
a trade-off between resistance and recovery after the drought 
episodes (Sun et al. 2018).

Although the results indicate that P. pinea trees in 
mixtures have a higher resistance to drought than trees in 
monospecific composition, we cannot confirm totally our 
first hypothesis since the negative interaction of DBH with 
mixtures suggests that this effect is attenuated in larger tress 
and mixture did not have any influence on P. pinaster. In 
this context, a positive effect of mixtures associated with 
drought episodes could indicate higher within species com-
petition than between-species competition, with smaller 
differences for larger trees, in drought years. In mixtures, 
it could be argued that tree diversity contributes to reduc-
ing vulnerability to drought in P. pinea, as supported by 
numerous studies in recent years for other species (Pretzsch 
et al. 2013), although this is not the case for P. pinaster. In 
this regard, Grossiord (2019), in a recent review, reported 
that although positive effects of mixture are more commonly 
observed in relation to drought events, neutral and negative 
effects are also possible for some species. Forrester (2014) 
and Belote et al. (2011) also noted that tree diversity is not 
a fixed modulator of drought events and that the influence 
of mixture on tree growth response can shift from negative 
to positive under, for example, more benign climate condi-
tions. Other factors related to the environmental conditions 
(local site characteristic or management practices) have been 
observed to influence the relationships between tree diver-
sity and the impacts of drought (Grossiord 2019). Here, the 
differences in plot density and basal area between pure and 
mixed stands (Table 1), may be a reason why P. pinea in 

Table 6  Summary of final parameterization of the synchrony model 
for P. pinaster 

Where Mix: presence or not of mixture in the plot; Age: average age 
of the trees in the plot; DG: the quadratic mean diameter of the trees 
in the plot

Effect Parameter Estimate Standard error t value Pr > |t|

Intercept α0 0.2901 0.0698 4.153 < 0.0001
Mixed β1 − 0.1029 0.0192 − 5.357 < 0.0001
Age β2 0.0012 0.0005 2.105 0.0408
DG β3 0.0046 0.0017 2.649 0.0111
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mixtures displays higher resistance to drought than in mono-
specific composition.

Drivers of synchrony

Our synchrony analysis revealed that growth patterns are 
affected by forest structure and species composition, since 
differences between species arise in mixed stands (Table 4, 
A). P. pinaster growth was less synchronous when growing 
mixed with P. pinea (Table 4, B), which implies that species 
mixing reduces its dependence on climate variation. This 
fact highlights the importance of competition-facilitation 
processes to mitigate climate effect (Sánchez-Salguero et al. 
2015), which is particularly relevant in a restrictive habitat, 
such as the Mediterranean pinewoods studied. However, 
this effect was not identified during extreme events, possi-
bly because growth in those extreme years was more limited 
by climate conditions than by competition. Conversely, P. 
pinea synchrony was not modified by P. pinaster admixture, 
although its intra-specific synchrony was greater than inter-
specific synchrony (Table 4, C). This observations confirms 
our third hypothesis that to some extent the two species are 
affected by climate variation in a different way in mixed 
stands, suggesting some degree of temporal niche comple-
mentarity (Forrester 2014; del Río et al. 2021) which might 
benefit P. pinea growth, as found in extreme drought events.

The presence of age and quadratic mean diameter as 
covariates in the synchrony model for P. pinaster reflected 
the influence of other variables as modulators of syn-
chrony patterns in forests. In this regard, findings in com-
munity ecology have led to disagreement on the role of 
age in the relationships between climate and radial growth. 
While some studies assumed that, once the biological 
growth function has been removed, these relationships are 
independent of tree age (Fritts et al. 1990), other studies 
maintain that trees respond in different ways to climate 
depending on their age (Thurm et al. 2016). Our results 
agree with the second assumption, since the significant 
positive effect of this covariate in the synchrony model 
for P. pinaster suggests greater sensitivity to climate vari-
ability in older trees than in younger trees. However, there 
is a lack of uniformity in the response of trees of different 
ages. While Natalini et al. (2015) observed that younger 
Mediterranean pine trees were less sensitive to climatic 
variability than older trees, Vieira et al. (2009) revealed 
that young P. pinaster trees responded faster (cambial 
activity) to climate than older trees. Similarly, the results 
of the model showed that in the case of P. pinaster, larger 
trees were more sensitive than small trees to climate, 
which agree with the previously mentioned findings on 
the size-resistance relationship. However, as previously 

mentioned, it is important to consider that different soil 
or competition conditions within a stand can also modify 
the response thresholds of individual trees (Pichler and 
Oberhuber 2007; Merlin et al. 2015).

As regards P. pinea, the inability to build a model sug-
gests a common growth response to annual climatic vari-
ability in the region, regardless of stand characteristics or 
composition. The low genetic variability found in P. pinea 
(Mutke et al. 2019) can reduce the individual response to 
climate and stand conditions, thus reducing variability and 
increasing synchrony.

Concluding remarks

Our findings highlight the complexity of tree species 
growth response to climate, which depends on stand 
characteristics, the nature of this dependence varying 
depending on the time scale (short or long term). Different 
attributes of tree species, such as age and size, as well as 
stand density seem to act synergistically and compensate 
drought stress in different ways. In monospecific stands, 
P. pinaster showed greater resistance to extreme drought 
than P. pinea, with both species displaying similar degree 
of dependence on climate variability. In mixed stands, P. 
pinaster growth is more influenced by inter-specific inter-
actions than that of P. pinea and less conditioned by cli-
matic conditions than in monospecific stands, i.e., mixed 
compositions could reduce P. pinaster tree-ring sensitiv-
ity, whereas P. pinea benefits from mixture, increasing its 
resistance to extreme drought events. Therefore, it could 
be argued that the interactions between climate and forests 
depend not only on the sensitivity of species to droughts, 
but also on the tree resilience. This fact poses a challenge 
for forest managers and researchers, who need to identify 
the specific thresholds, i.e., the conditions under which 
tree species are no longer able to recover, and the degree 
to which these thresholds depend on stand characteris-
tics, such as monospecific vs mixed composition. Thus, 
the adaptation of forest management should be a dynamic 
as well as local process, designed on the appropriate scale 
and defined by local interactions between climate and tree 
species, that is, as a systematic learning process.
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