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Abstract 

Under the current climate change conjuncture, understanding the forest plantations 

capacity of acclimation to warming and increased drought stress is crucial for forest 

managers. To get some understanding of their adaptability, plantations of similar 

provenance but located in climatically contrasting sites can be compared. Here we study 

the growth dynamics and their relationship with climate and drought in two Scots pine 

(Pinus sylvestris L.) plantations located in the center (Sierra de Guadarrama, wetter 

site) and south (Sierra Nevada, drier site) of Spain, the latter situated at the 

southernmost distribution limit of the species. Our objectives are to quantify the trends 

in radial growth of these plantations, to quantify the influence of climate on growth, and 

to project the plantations growth as a function of forecasted climate. Results reveal that 

the plantations from the drier site show lower, and less responsive to climate, growth 

and greater resilience than those from the wetter site. Furthermore, if the current 

climate-growth relationships continue in the future, these plantations would maintain 

the current limited growth rate during the 21
st
 century. On the contrary, plantations from 

the wetter site show higher growth rate and more resistance to drought, and they are 

projected to increase growth under the warmer conditions forecasted for the 21
st
 

century. Our study shows that plantations in drier sites may have a great capacity to 

acclimate to local climate conditions and would not be negatively impacted by the 

projected climate warming.  
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1. Introduction 

Pine plantations cover wide extensions across drought-prone areas like the 

Mediterranean Basin, where most afforestation efforts were done during the 20
th

 century 

(FAO, 2006). These plantations provide a set of services such as regulation of the water 

flow, protection against erosion, timber production, CO2 uptake and storage, and 

conservation of biodiversity (Brockerhoff et al., 2008; Gómez-Aparicio et al., 2009; 

Ruiz-Peinado et al., 2017; Valbuena-Carabaña et al., 2010). However, certain 

characteristics of some plantations make them more vulnerable to climatic (e.g., 

drought) and biotic stressors (e.g., pests) such as high stand density due to a lack of 

management, low structural and genetic diversity, and a defective adaptation derived 

from an unsuitable seed origin (Alia et al., 1995; Benito Garzón et al., 2011; Gil et al., 

2009). Abrupt climate extremes such as droughts may have profound consequences on 

the performance of maladapted forests and non-acclimated afforestations, which may 

lead to growth decline, dieback and mortality, and also to a loss of ecosystem integrity 

and function (Sánchez-Salguero et al., 2012).  

Spain is one of the countries with the largest area of pine plantations in the world 

(FAO, 2006; Payn et al., 2015). In the mid-19
th

 century Spanish woodlands covered 

approximately six million hectares, representing 12.5% of the national territory 

(Armenteras, 1903), an extension resulting from logging and intensive agricultural use 

during previous centuries (Valbuena-Carabaña et al., 2010). Nowadays woodlands 

cover more than sixteen million hectares (Vadell et al., 2016). In total, more than five 

million hectares were planted since 1877, approximately ten percent of the entire 

country area (Vadell et al., 2016). However, the seed origin and quality were not 

considered in reforestations carried out in Spain until the second half of the 20
th

 century, 

and many plantations were carried out with non-local provenances (Gil et al., 2009). 



Due to a shift towards warmer climate conditions, the capacity of adaptation 

may be reduced in homogeneous and poorly managed pine plantations (Sánchez-

Salguero et al., 2012). The last 30 years constituted the warmest period at the Earth‟s 

surface since 1850 (IPCC, 2014). Ongoing climate change will increase the recurrence 

and severity of adverse climate extremes such as severe droughts and heat waves, 

especially in Southern Europe, a climate change hotspot (Jacob et al., 2014). This 

scenario affects specially those tree populations located at the southernmost, xeric limit 

of the tree species distribution area (Sánchez-Salguero et al., 2017, 2012). In relation 

with the climate change, several cases of growth decline and dieback have been 

documented in drought-prone conifer forests (Camarero et al., 2015; Macias et al., 

2006; Sarris et al., 2011, 2007). 

The study of sensitive forests, due to their location or origin, can help to 

understanding the impact that climate change is having and will have on these 

ecosystems throughout the 21
st
 century. Here we study the growth dynamics and its 

relationship with climate in two Scots pine (Pinus sylvestris L.) plantations located in 

the center (Sierra de Guadarrama) and South (Sierra Nevada) of Spain. The latter site 

is located at the southernmost distribution limit of the species. Scots pine is widely 

distributed across Eurasia, and it has been profusely planted worldwide. In Spain it is 

the second tree species most used in plantations (Valbuena-Carabaña et al., 2010), 

creating forests with productive, ecological and/or soil protection purposes. The 

plantations in Sierra de Guadarrama were established in the second half of the 20
th

 

century, whereas most of Sierra Nevada plantations were established in the middle of 

that century. Both sites are currently protected areas. The seed source is the same in 

both study sites, central Spain (Mesa Garrido, 2016), a provenance (hereafter CS 

provenance) encompassing Sierra de Guadarrama. This implies that Sierra de 



Guadarrama plantations are better adapted to local conditions, whereas Sierra Nevada 

plantations may be maladapted (Rubio-Cuadrado et al., 2018b). Consequently, we 

hypothesize that plantations are less adapted to local climate and to the forecasted 

warmer and increasingly arid climate in Sierra Nevada than in Sierra de Guadarrama. 

Our specific objectives are: (i) to compare the growth trends of Scots pine plantations in 

a wet (Sierra de Guadarrama) vs. a dry site (Sierra Nevada) with common seed source 

from CS provenance; (ii) to analyze the influence of climatic factors on the radial 

growth in these two climatically contrasting sites; (iii) to analyze the effect of droughts 

on radial growth in both sites; (iv) and to project their growth over the course of the 21
st
 

century. In this work we consider radial growth as a proxy of sensitivity to climate 

warming and drought stress. 

 

2. Materials and methods 

2.1. Study area 

We compared Scots pine plantations located in Sierra de Guadarrama (Segovia 

province, central Spain) and Sierra Nevada (Granada province, southeastern Spain) 

located 400 km southwards (Fig. 1). Both areas are currently included in the Spanish 

network of National Parks. In Sierra de Guadarrama the climate is continental 

Mediterranean with average temperature of 9.9 ºC and annual precipitation of 975 mm 

(estimated data for the study area, see Section 2.4). In Sierra Nevada the climate is 

Mediterranean with average temperatures of 10.1 ºC and annual precipitation of 588 

mm (see climate diagrams in Fig. S1 in Appendix A of the Supplementary material). 

Soils are siliceous and acid in both sites.  

 



 

Figure 1. Map of sampled locations (crossed red circles), area of provenance (yellow) 

and distribution of natural Scots pine forests in the Iberian Peninsula (green). 

 

2.2. Field sampling 

To acquire data representative of the environmental and structural variability of the 

forests (see Table 1) we surveyed both sites establishing a network of field plots. In 

Sierra Nevada we sampled 135 plots in 2015, distributed in four locations between 

coordinates 36º 58‟ 15‟‟–37º 9‟ 53‟‟ N and 3º 2‟ 54‟‟–3º 27‟ 34‟‟ W, within the 1445–

2163 m a.s.l. altitudinal range. In Sierra de Guadarrama we sampled 41 plots in 2016 in 

a homogeneous area located between 40º 47‟ 54‟‟ – 41º 1‟ 50‟‟ N and 3º 52‟ 53‟‟ –4º 7‟ 

47‟‟ W, within the 1499-1810 m a.s.l. altitudinal range. Because Sierra Nevada 

population is located at the southernmost limit of the species distribution area, the 

sampling density in this site was higher than in Sierra de Guadarrama, aiming to 

increase the representativeness of the results. 

In both sites the plots were systematically distributed on a square grid of 250 m 

× 250 m. In each plot, a pair of stereoscopic hemispherical images was acquired using 



ForeStereo (Sánchez-González et al., 2016) to characterize the area estimating basal 

area (BA), tree density (N) and the mean diameter at breast height (DBHstand) at the plot 

level. ForeStereo is a passive proximal sensing device that acquires images from the 

plot center and allows trees located up to 15 m to be mapped and their height and DBH 

estimated (Rodríguez-García et al., 2014). In addition, two cores were extracted at 1.3 m 

from the dominant or codominant tree closest to the plot center using a Pressler 

increment borer. The diameter at breast height (DBHcored) of this tree was measured 

with a caliper. Topographical variables (altitude, slope and aspect) of each plot were 

obtained from a Digital Terrain Model (PNOA, Instituto Geográfico Nacional, Spain) 

with a spatial resolution of 25 m. 

 

Table 1. Main characteristics of the study sites. Average values per site with their 

standard deviations in parentheses.  

Site Sierra de Guadarrama Sierra Nevada 

Mean altitude (m a.s.l.) 1625 (70) 1907 (106) 

Aspect (º) 254 (90) 189 (106) 

Slope (º) 21 (5) 18 (5) 

DBHstand (cm) 26.8 (5.8) 21.6 (4.0) 

Basal area (m
2
 ha

-1
) 32.5 (10.8) 30.4 (15.2) 

Density (stems ha
-1

) 587.5 (276.3) 746.5 (324.4) 

Tree age at 1.3 m (years) 35 (7) 46 (13) 

No. sampled trees 41 135 

 

2.3. Dendrochronological analyses 

Cores were mounted on wooden supports and carefully sanded until tree rings were 

clearly visible. Tree rings were visually cross-dated and measured to the nearest 0.01 

mm using the semi-automatic LINTAB device with the TSAP-Win software 

(RINNTECH, Heidelberg, Germany). Cross-dating was further verified with the 

COFECHA program (Holmes, 1997). 



We calculated ring-width series for each tree and these series were subsequently 

transformed into basal area increments (BAI) as this variable captures growth trends 

better than tree-ring width (Biondi and Qeadan, 2008). The BAI was calculated as 

follows: 

     (1) 

where rt and rt-1 are the stem radius at the end and at the beginning of a given annual 

ring increment. When cores did not contain the pith, the length of the missing radius 

was estimated for BAI calculation using a graphical method based on the convergence 

of rays at the pith (Rozas, 2003). The final chronologies were built by averaging 

individual BAI measurements (Speer, 2012). The statistical quality of each chronology 

was checked via Expressed Population Signal (EPS) (Wigley et al., 1984) using dplR 

package (Bunn et al., 2016) in R statistical software (R Development Core Team, 2017). 

When the EPS was greater than 0.85, the chronology was considered reliable and well 

replicated. We analyzed the BAI as a function of time and as a function of tree age. The 

differences in BAI between sites were analyzed through Mann-Whitney U tests. 

Tree age was estimated with two approaches. When cores reached the pith, age 

was estimated cross-dating and counting the total number of rings. In the other cases, 

we first estimated the missing length to the pith following Rozas (2003), and then we 

estimated the number of innermost lost rings dividing the length of the missing radius 

by the mean growth rate of the 5 rings adjacent to the missing part of the core.  

 

2.4. Climate data 

Monthly data of precipitation and mean temperature from 58 and 99 meteorological 

stations covering the study area in Sierra de Guadarrama and Sierra Nevada, 

respectively, were interpolated at the sampling locations using spatio-temporal 



Universal Kriging. The generalized product-sum model (De Iaco et al., 2002) was fitted 

to the space-time variogram. The altitude and the projected coordinates XY, as well as 

the interactions “altitude × X” and “altitude × Y” were included as auxiliary variables in 

the trend function. The variogram model parameters and trend function coefficients 

were estimated using the variance based least squares method (VLS method) (Montes 

and Ledo, 2010). Cross-validation was carried out to check the unbiasedness and the 

ratio between the estimated kriging variance and the mean of the cross validation 

squared residuals. To show the long-term climate trends we fitted piecewise regressions 

to the data using the segmented package in R (Muggeo, 2008). 

Using the estimated meteorological data, we calculated the Standardised 

Precipitation Evapotranspiration Index (SPEI) on 12-month scales (Vicente-Serrano et 

al., 2010) to estimate the evolution of the drought intensity over time. For this, we used 

the Thornthwaite equation within the SPEI package in R (Beguería and Vicente-

Serrano, 2017). The SPEI drought index considers the effect of temperatures on 

evapotranspiration rates and the cumulative water deficit. High and low SPEI values 

correspond to wet and dry conditions, respectively. 

We considered the climate projections for monthly precipitation and mean 

temperature during the 21
st
 century from the 0.5º-gridded Coordinated Regional Climate 

Downscaling Experiment (CORDEX) dataset (Jacob et al., 2014). We obtained the 

CORDEX climate data from the 0.5º grids with coordinates 40.5º–41.0º N and 3.5º–4.0º 

W for Sierra de Guadarrama, and 37.0º–37.5º N and 3.0º–3.5º W for Sierra Nevada. 

We considered three „representative concentration pathways‟ (RCPs), which are climate 

projections for different climate scenarios (0.3–4.8 °C global warming by the year 

2099) according to anthropogenic greenhouse gas emissions (Collins et al., 2013). We 

used data for the scenarios RCP 2.6, RCP 4.5 and RCP 8.5. The RCP 2.6 scenario 



represents a situation with an increase in temperature ranging between +0.3º and +1.7 

°C during the 21
st
 century. Under the RCP 4.5 scenario temperature might increase 

between 0.9 and 2.6 °C, whereas under the RCP 8.5 scenario the projected temperature 

increment ranges between 1.4 and 4.8 °C (van Vuuren et al., 2011).  

 

2.5. Climate- and drought-growth relationships 

To determine the main climatic drivers of radial growth, Pearson correlation coefficients 

were calculated between each site averaged BAI chronologies and monthly average 

temperature and total precipitation estimated at each site. These correlations were 

calculated with data from periods with more than ten samples per site and EPS > 0.85, 

that is: 1978-2014 in Sierra de Guadarrama, and 1948-2014 in Sierra Nevada. 

Correlation coefficients were calculated from October of the previous year to September 

of the growth year considering that: (i) tree growth is affected by the previous year 

climate (Bogino et al., 2009; Olivar et al., 2015), and (ii) growth of Scots pines may 

occur from April to September (Aldea et al., 2017; Camarero et al., 2010, 1998). 

Pointer year analysis was carried out considering as negative event year those 

years with a BAI decrease of at least 30%, relative to the average BAI of the 4 

preceding years –relative growth change method (Schweingruber et al., 1990)–. The 

growth response to these unfavorable years and the ability to recover pre-disturbance 

growth levels after the disturbance were estimated for the tree-ring series through the 

resistance (Rt) and resilience (Rs) indices (Lloret et al., 2011): 

Rt = BAIi / BAIi-4     (2) 

Rs = BAIi+4 / BAIi-4     (3) 

where BAIi is the BAI value of the i year. These indices were calculated with 4-year pre- 

(i-4), and post-disturbance (i+4) periods, based on previous studies (Rubio-Cuadrado et 



al., 2018b, 2018a), using the pointRes package in R (van der Maaten-Theunissen et al., 

2015). The differences between sites were analyzed through Mann-Whitney U tests. 

 

2.6. Growth modelling 

To evaluate factors influencing BAI of planted pines at each site, and to predict future 

trends based on climate conditions forecasted for the 21
st
 century, we used linear mixed-

effects models. BAI was the response variable and the variables considered as fixed 

effects included: tree diameter (DBHcored), as tree growth of mature trees is mainly 

driven by tree size (Mencuccini et al., 2005), altitude, aspect (calculated as the cosine of 

the magnetic bearing; +1 and -1 correspond to north and south, respectively), slope, and 

climate variables highly correlated with BAI. These climate variables were evaluated at 

each site and location, working with a different climate variable for each of the four 

sampled locations in Sierra Nevada, in accordance with Section 2.4. We also 

introduced the average SPEI (using 12-month long scales) from April to September to 

account for the drought effect during the growing season. We only considered the 

1999–2014 period in order to avoid the first 15 years of growth of each series in Sierra 

de Guadarrama, which presented very low BAI values corresponding to the pre-

juvenile phase, and to use the same period in both sites. Only the tree was considered as 

a random component (1|Tree). 

The form of the fitted linear mixed-effects models with random intercept and 

fixed slope was as follows: 

    (4) 

where yij represents log(BAI+1) for tree i and year j, α is the general intercept, aj is the 

random intercept, β is the vector of general slopes, zij is the vector of fixed effects, and 

εij is the error with a first-order temporal autocorrelation structure [AR(1)].  



To identify the best-supported model we constructed all possible combinations 

of alternative models from the full model considering fixed and random effects. As the 

restricted maximum likelihood method (REML) estimates an unbiased variance but 

does not allow models to be compared by minimizing the Akaike Information Criterion 

(AIC), we first fitted all possible models using the Maximum Likelihood method (ML), 

then selected the best model by minimizing AIC and finally fitted it again using REML 

(Zuur et al., 2009). The existence of multicollinearity among explanatory variables was 

evaluated by calculating the variance inflation factor (VIF) (Dormann et al., 2013), 

which was always lower than 2 indicating low collinearity among variables. The 

marginal R
2

m (the percentage of variance explained by the fixed effects) and the 

conditional R
2

c (the percentage of variance explained by the fixed and random effects) 

were estimated according to Nakagawa and Schielzeth (2013). The mixed models and 

their VIF and pseudo-R
2
 values were obtained with the nlme (Pinheiro et al., 2018), car 

(Fox and Weisberg, 2011) and MuMIn (Barton, 2012) packages in R, respectively. 

In order to analyze the effect of competition on growth, the slope of the linear 

regressions, that relates age of the trees to the BAI of each year, has also been modeled 

(see Appendix B in Supplementary material).  

 

2.7. Projecting tree growth as a function of climate forecasts 

We projected the BAI in both study sites for the 21
st
 century using the mixed models 

previously obtained and fixing (as constant) the tree diameter (DBHcored). The climate 

variables considered were the expected CORDEX values for the 21
st
 century, according 

to the RCP 2.6, RCP 4.5 and RCP 8.5 emission scenarios. We obtained the average 

values per site, year and climate scenario, and then we calculated linear regressions for 

average BAI as a function of year. 



 

3. Results: 

3.1. Climate and drought trends 

In both sites there has been a significant increase in temperature since the 1970s, while 

rainfall did not show any trend (Fig. 2). Although wet periods were frequent between 

1950 and 1980, with positive SPEI values, the aridity has increased since 1980 in both 

sites, as shown by the frequency of negative SPEI values (Fig. 3).  

 

 



Figure 2. Local climate data: a) mean annual temperature; b), total precipitation in 

Sierra de Guadarrama (filled symbols and black lines) and Sierra Nevada (empty 

symbols and grey lines) showing significant trends and changes in trends (vertical 

dashed lines) based on segmented regressions. Changes in temperature trends were 

detected in 1973 and 1974 in Sierra Nevada and Sierra de Guadarrama, respectively, 

whereas changes in precipitation trends were not detected. When p < 0.05, the 

significance levels of each segment or trend are indicated (black letters for Sierra de 

Guadarrama and grey letters for Sierra Nevada). Years with growth drops (see Section 

3.4) are marked with grey circles. 

 

 
Figure 3. Temporal variability of the monthly SPEI drought index using 12-month long 

scales in the two study sites. Trends based on regressions are shown and the 

significance level of each trend is indicated. Years with growth drops (see Section 3.4) 

are marked with grey circles. 

 

3.2. Growth rates and trends 

Planted Scots pine individuals in Sierra de Guadarrama showed significantly higher 

growth rates (BAI) than Sierra Nevada pines from 1990 to 2014 (Fig. 4). In Sierra de 

Guadarrama BAI showed a significant (p < 0.001) decreasing trend after the maximum 

growth rates at 10-30 years since plantation, while in Sierra Nevada growth stabilized 

20 years after the plantation (non-significant trend, p = 0.395). The trend in Sierra de 

Guadarrama was related to the current competition level of the stand (Table S1 in 

Appendix B of the Supplementary material). In stands with high current competition 

level, the slope of the regression that relates BAI to tree age for Sierra de Guadarrama 



reached lower values (the regression fitted to mean values of the site is shown in Fig. 

4b). 

 

 
Figure 4. Growth trends (basal area increment, means ± standard errors) calculated for 

Sierra de Guadarrama (filled symbols) and Sierra Nevada (empty symbols) Scots pine 

trees. Trends are represented as a function of time (a) and tree age (b). Grey bars at the 

bottom of each plot indicate years when there are significant differences in growth 

between sites (p < 0.05) based on Mann-Whitney U tests. In the bottom plot, regressions 

are plotted with 95% confidence intervals (dashed lines) and they were calculated 

omitting the juvenile growth phase (first 15 years of life).  

 



3.3. Climate-growth relationships 

Basal area increment of planted Scots pines showed different relationships with climate 

depending on their site (Fig. 5). The most important climate variables in Sierra de 

Guadarrama Scots pine plantations were temperature in October of the previous year (r 

= -0.342, p = 0.038), temperature from February to May (r = 0.649, p < 0.001), 

precipitation from February to March (r = -0.569, p < 0.001) and precipitation from 

May to August (r = 0.532, p < 0.001). In the case of Sierra Nevada, the most important 

climate variables were temperature from previous December up to March (r = 0.300, p 

= 0.013), temperature from August to September of the growth year (r = 0.298, p = 

0.014), and precipitation from previous October to December (r = 0.393, p < 0.001).  

 

 
Figure 5. Correlation (Pearson coefficient) calculated between monthly climate data 

(mean temperature, black bars; total precipitation, grey bars) and radial growth (basal 

area increment) of Scots pine trees sampled at Sierra de Guadarrama and Sierra 

Nevada sites. The dashed and dotted horizontal lines show the 0.05 and 0.01 

significance levels, respectively. Correlations were calculated from the prior October 

(months abbreviated by lowercase letters correspond to the previous year) to the current 



September (months abbreviated by uppercase letters corresponding to the year of 

growth). Significance thresholds change between sites due to differences in the period 

considered and, therefore, in the number of degrees of freedom (see Section 2.5). 

 

3.4. Growth response to droughts: resilience indices 

The most important BAI reductions occurred in 1986, 1991, 1995, and 1996 in Sierra 

de Guadarrama, and in 1994, 1995, 1999, and 2005 in Sierra Nevada (Table 2). All 

these negative growth events coincided with periods of intense aridity (see Figs. 2 and 

3), except the 1996 event, when heavy snowfalls caused abundant breakage of branches 

and stems in Sierra de Guadarrama (Montero et al., 1997). Although both sites 

presented the same number of negative event years, the relative number of growth falls 

in Sierra Nevada is lower due to the higher age of trees than in Sierra de Guadarrama. 

The growth reductions occurred during negative event years in Sierra Nevada were 

higher and affected more trees than in Sierra de Guadarrama. However, Sierra Nevada 

pines also showed higher resilience in the post-disturbance years (Table 2). 

 

Table 2. Statistics related to negative event years (sharp growth reductions 

corresponding to a relative growth loss > 30%) and post-disturbance resilience indices 

(resistance and resilience) in the Scots pine trees sampled at Sierra de Guadarrama and 

Sierra Nevada sites. The last column shows the significance level (p) of the comparison 

between sites based on Mann-Whitney U tests. 

 

 

Sierra de 

Guadarrama 

Sierra 

Nevada 
p 

Number of event years 4 4 – 

Relative number of event years (%) 13.3 6.6 – 

Average percentage of trees showing an event year 42.60 63.21 – 

Mean resistance (Rt) 0.64 0.52 < 0.0001 

Mean resilience (Rs) 0.81 0.85 0.044 

 



3.5. Growth modelling 

According to the selected models, the most important factors affecting BAI in both sites 

were tree size (DBHcored), temperature of the previous winter and of current spring, and 

SPEI (Table 3). In Sierra Nevada, the altitude has also a significant influence. Fixed 

factors explained more growth variability in the Sierra de Guadarrama model (59.1%) 

than in Sierra Nevada (46.6%) model. The tree factor, which encompasses the 

differences in genotype, phenotype, soil and microclimate, explained 17.1% and 28.4% 

of the total growth variability in Sierra de Guadarrama and Sierra Nevada sites, 

respectively. 

 

Table 3. Statistics of the linear mixed-effects models fitted to basal area increment of 

planted Scots pine trees sampled at Sierra de Guadarrama and Sierra Nevada sites. 

Values are coefficient estimates and standard errors (SE) are shown in parentheses. T is 

the mean temperature of the months considered and SPEI is the mean SPEI value from 

April to September. The last two lines show the marginal (R
2

m) and conditional (R
2

c) R
2
 

values which show the percentage of BAI variance explained by the fixed effects and by 

the fixed plus random effects, respectively. Significance level: ***p < 0.001. 

Model 
  

BAI in Sierra de 

Guadarrama 

BAI in Sierra 

Nevada 

  Linear mixed-effects model coefficients (SE) 

Fixed 

effects 

Intercept 2.587 (0.057) *** 2.094 (0.04) *** 

DBHcored 0.485 (0.057) *** 0.410 (0.04) *** 

Altitude – 0.190 (0.04) *** 

SPEI -0.028 (0.007) *** 0.165 (0.007) *** 

T from February to May 0.062 (0.008) *** – 

T from previous December to current March – 0.077 (0.009) *** 

Variance 

explained 

R
2

m 0.591 0.466 

R
2
c 0.762 0.750 

 

 

3.6. Projecting tree growth as a function of climate forecasts 

In Sierra de Guadarrama the time-BAI regressions showed R
2
 values of 0.003 (p = 

0.615), 0.233 (p < 0.001) and 0.483 (p < 0.001) for the RCP 2.6, RCP 4.5 and RCP 8.5 



climate scenarios, respectively (Fig. 6). Focusing on the RCP 2.6 scenario, growth 

would remain stable according to our projections. However, in the other two scenarios, 

which assume higher temperature increments, the growth of pines would increase 

throughout the 21
st
 century. Models in Sierra Nevada showed R

2
 values of 0.044 (p = 

0.054), 0.023 (p = 0.168) and 0.018 (p = 0.213) for the RCP 2.6, RCP 4.5 and RCP 8.5 

scenarios, respectively. In Sierra Nevada none of the projections have a significant 

trend, predicting all scenarios steady growth rates. 

 

 

Figure 6. Projection of basal area increment over the 21
st
 century for three climate 

scenarios (RCP 2.6, RCP 4.5 and RCP 8.5) in Sierra de Guadarrama and Sierra 

Nevada sites. Simple linear regressions, with their 95% confidence intervals (dashed 

lines), were fitted for each scenario. 

 

4. Discussion 



4.1. Growth trends 

Scots pine plantations located in Sierra de Guadarrama and Sierra Nevada sites have 

similar competition characteristics, with basal area equal to 32.5 and 30.4 m
2
 ha

-1
 

respectively (Table 1). However, the different climatic conditions, in particular the 

higher precipitation in Sierra de Guadarrama site (Fig. 2 and S1 in Appendix A of the 

Supplementary material), enable maintaining higher radial-growth rates (Fig. 4). During 

the initial years of growth, BAI follows a logistic function (Fig. 4b), but later, when 

trees mature, BAI increases or maintains a constant level, and then declines when trees 

become stressed (Duchesne et al., 2003; Pedersen, 1998). Due to this influence of age 

on growth, and since in both study sites forests sampled were planted at different times, 

the relationship between age and BAI (Fig. 4b) is more relevant than the temporal 

changes of BAI (Fig. 4a) to study and compare growth trends. Sierra Nevada 

plantations showed a stable growth, in contrast with the growth decline observed in 

Sierra de Guadarrama plantations. According to previous studies (Sánchez-Salguero et 

al., 2012; Sarris et al., 2011, 2007) this growth decline could be due to an increase in 

drought in the last decades (Figs. 2 and 3). However, the aridification trend was also 

observed in Sierra Nevada, where no growth decline has shown. Therefore, the growth 

decrease in Sierra de Guadarrama is more likely due to other factors such as increased 

tree-to-tree competition (Madrigal-González and Zavala, 2014; Sánchez-Salguero et al., 

2015b). According to the results of Table S1 (see Appendix B of the Supplementary 

material) a higher current stand competition influences negatively the slope of the 

growth trend in Sierra de Guadarrama. Although we do not know how competition has 

changed over time, we can assume that, in general, in those plots where competition is 

higher at the present time, it was also higher in the near past. 

 



4.2. Growth responses to climate 

Growth in Sierra Nevada was more strongly related to the temperature and precipitation 

prior to the start of the vegetative period than with other climate variables (Fig. 5). This 

kind of relationship is typical in dry Mediterranean climate conditions (Camarero et al., 

2013; Sánchez-Salguero et al., 2015a), where growth depends on the recharge of soil 

water during the dormancy period, and the vegetative period begins earlier than in 

continental and cooler sites. Indeed, the spring growth onset in Sierra Nevada would 

occur in mid to late April (Guada et al., 2016), whilst in Sierra de Guadarrama it would 

begin in early May (Fernández-de-Uña et al., 2013). In Sierra de Guadarrama 

plantations, by contrast, BAI was related with the prior winter and the current spring 

and summer climate, possibly because here the growth peak occurs later, between late 

May and June (Fernández-de-Uña et al., 2013), than in Sierra Nevada, where it takes 

place in early to mid-May (Guada et al., 2016). The negative correlation observed 

between BAI and winter precipitation in Sierra de Guadarrama plantations is probably 

related to cool, cloudy conditions leading to a decrease in photosynthesis rates and 

carbon uptake (Hari et al., 1981; Young et al., 2012). Contrary to what was expected, 

we found that Scots pine in Sierra de Guadarrama was more sensitive to climate, with 

more significant relationships than in the drier Sierra Nevada site. A mixed climate 

signal of Scots pine forests from central Spain mountains has already been described, 

with higher responsiveness to dry and cold conditions downwards and upwards, 

respectively, and mixed responses at intermediate altitudes (Sánchez-Salguero et al., 

2015a). All sampled trees were dominant or codominant; thus, it could be expected that 

the competition from surrounding vegetation has not obscured the climatic signal on 

radial growth. Therefore, the weaker climatic signal in Sierra Nevada could indicate 

that the planted pines have reduced their growth and their climate response as an 



adaptation or acclimation to more arid conditions in this site, whereas in Sierra de 

Guadarrama, planted pines can reach their growth potential in favorable years. In fact, 

the growth of Scots pines of natural-origin in Sierra Nevada have similar weak 

correlations with climate than close plantations (Rubio-Cuadrado et al., 2018b). This 

limiting effect of climate in Sierra Nevada, joint to the increase in competition, may 

also be related with the growth stagnation of this site, whereas in Sierra de Guadarrama 

competition hinders growth potential, decreasing the BAI after the initial developmental 

stages.  

 

4.3 Growth reactions to severe droughts 

All years detected with growth drops (Table 2) occurred after the increase of aridity, 

which started in the 1980s (Fig. 3). Growth resistance during drought was lower and 

post-drought growth resilience was higher in Sierra Nevada, which is the drier site. 

According to previous studies, the growth resistance and/or resilience can be directly 

related to aridity (Gazol et al., 2018; Sohn et al., 2016), possibly due to changes in 

carbon allocation (e.g., higher root to shoot ratios) in trees adapted to drier conditions 

(Maguire and Kobe, 2015), although these relationships are not uniform and may be 

influenced by competition, age, size or topography (Rubio-Cuadrado et al., 2018b; Sohn 

et al., 2016). The growth stagnation in Sierra Nevada plantations did not seem to be 

smoothing the effect of drought events on growth when compared with the behavior of 

plantations located in their area of provenance (Sierra de Guadarrama), since resistance 

of plantations is also lower, but resilience is similar to pines of natural origin in Sierra 

Nevada (Rubio-Cuadrado et al., 2018b). 

 



4.4 Growth projections for the 21st century 

When modelling growth, most of the tree growth variability was explained by tree size 

(DBHcored), similar to previous reports (Monserud and Sterba, 1996). Effectively, 

according to our models, tree size was the most important factor and it was directly 

related to BAI, while climate variables had less influence (lower coefficients in the 

models) and their relationships with growth were diverse (Table 3). In the case of the 

RCP 2.6 emissions scenario in Sierra de Guadarrama, and in the three emissions 

scenarios in Sierra Nevada, our results predict stable growth trends for the 21
st
 century 

(Fig. 6). However, for the RCP 4.5 and RCP 8.5 emissions scenarios in Sierra de 

Guadarrama, the models predict a growth increase possibly due to an increase of 

growth rates and a lengthening of the growing season. 

 Contrary to what we expected and to what the species distribution models 

predict (Benito Garzón et al., 2011; García-López and Allué, 2010), growth in Sierra 

Nevada plantations has so far not been affected by the climate warming and 

aridification after the 1970s. Although the growth rate of these plantations was lower 

than in Sierra de Guadarrama plantations, the growth trend has remained constant in 

Sierra Nevada, without negative effects of the temperature increment, which could have 

amplified the evaporative demand and increased drought stress. Our models are based 

on current climate-growth relationships, which can be modified as climate and stand 

structure change, and they do not take into account the evolution of competition related 

to stand maturation and temporal instability of climate-growth relationships. Therefore, 

if these relationships do not significantly change and factors not considered (e.g., 

competition) maintain their current influence, the growth of the Scots pine plantations in 

Sierra Nevada would not be affected by the forecasted climate warming, whereas their 

northern counterparts in Sierra de Guadarrama would improve their growth. In any 



case, the lower growth of trees in Sierra Nevada could indicate a less efficient hydraulic 

system or site/climate conditions limiting growth. Thus, although the presented model 

does not forecast growth reductions, it is possible that increased drought stress could 

raise the risk of decline or mortality events. 

 

5. Conclusions 

Analyzing growth rates and trends of Scots pine plantations in two sites under different 

climate conditions has demonstrated that plantations in the drier site (Sierra Nevada), 

located at the species‟ southernmost distribution limit, showed a stable and lower 

growth than plantations in Sierra de Guadarrama, located in wetter sites. In addition, if 

the current climate-growth relationships hold, Sierra Nevada plantations will maintain 

the current limited growth over the 21
st
 century. Furthermore, Sierra Nevada plantations 

have been less responsive to climate, and have shown higher resilience after droughts. 

On the contrary, growth of Sierra de Guadarrama plantations shows higher drought 

resistance, and it is projected to increase under the warmest emission scenarios 

considered for the 21
st
 century. The different reactions of the two Scots pine plantations 

to climate warming reflect their different site conditions. The northern population 

benefits from warmer climate, whereas in the southern site climate warming will not 

increase growth, and we cannot discard more drought stress occurring in the future. 

Plantations show a great capacity to acclimate to local climate conditions.  
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