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Abstract 12 

During the past years, growth and productivity of different oak species have been constrained by 13 

water shortage in seasonally dry regions such as the Mediterranean Basin. Thinning could improve 14 

oak radial growth in these drought-prone regions through the reduction of tree competition for soil 15 

water in summer. However, we still lack adequate, long-term assessments on how lasting are thinning 16 

treatments effects and to what extent they contribute to oak growth recovery after drought. Here we 17 

aim: (i) to study the radial growth sensitivity to drought of Quercus subpyrenaica in the Spanish Pre-18 

Pyrenees, and (ii) to verify if thinning represents a suitable option to enhance growth resistance to 19 

drought and post-drought growth recovery. We analysed basal area increment (BAI) trends in the 20 

period 1960-2020 of formerly coppiced oak stands thinned in 1984 and compared them with 21 

unthinned plots and also with coexisting Scots pine (Pinus sylvestris) growing in thinned plots. We 22 

used the Standardized Precipitation Evapotranspiration Index (SPEI) to estimate the severity of 23 

droughts and we also assessed climate-growth relationships. Oaks in thinned plots showed higher 24 

BAI (369 mm2) than those in unthinned plots (221 mm2). Growth rates remained higher in thinned 25 

than in unthinned plots also under severe drought stress. A severe summer drought in 1986 caused 26 

abrupt BAI reductions in both oaks (- 40.5%) and pines (- 40.1%). The positive effect of thinning on 27 

growth lasted for over 20 years and slightly declined as canopies closed. In the thinned plots, trees 28 

with smaller diameter showed the greatest growth release. Oaks in unthinned plots and Scots pine 29 

were more sensitive to short-term droughts in terms of growth reduction than oaks in thinned plots, 30 

while long term droughts have similar effects on oaks from both thinned and unthinned plots. Oaks 31 

were resilient to drought, showing recovery periods lasting from 1 to 2 years in both thinned and 32 

unthinned plots. However, intense and prolonged droughts could strongly reverse the expected 33 

growth enhancement of thinned plots, and a greater frequency of droughts would limit coppice growth 34 

and productivity thus lengthening the rotation periods. 35 

Key words: Mediterranean oaks, dendroecology, SPEI, release, resilience.  36 



1. Introduction 37 

Under a climate warming scenario, there is a greater likelihood of air temperatures and 38 

evapotranspiration rate exceeding the optimum range for many tree species, leading to range 39 

contractions in drought-prone regions (Thuiller 2004, Wang et. Al 2018). In seasonally dry 40 

Mediterranean regions, models predict greater susceptibility to climate warming and drought for 41 

winter deciduous, ring-porous oaks, often dominant in mesic sites (Benito Garzón et al. 2008, de Dios 42 

et al. 2009, Acácio et al. 2017, Vila-Viçosa et al. 2020). However, we lack field data to test these 43 

predictions and to assess the sensitivity to drought of oaks given their ecological and socio-economic 44 

relevance in Mediterranean regions.  45 

In recent years, dieback and mortality related to drought events have been reported in southern 46 

European deciduous oak forests, mainly in Spain and Italy (Amorini et al. 1996, Camarero et al. 2016, 47 

Colangelo et al. 2017, Gentilesca et al. 2017, Lloret et al. 2022). Under drought stress, deciduous, 48 

ring-porous oaks may osmotically adjust their tissues to continue to draw water into the leaves and 49 

keep high photosynthesis rates (anisohydry), increasing the risk of damage due to hydraulic failure 50 

since most of the stem conductivity depends on vessels located in the last-formed ring (Novick et al. 51 

2022, Kaproth and Cavender-Bares 2016). In these species, stem radial increment is reduced in 52 

drought years, as well as mean lumen area of earlywood vessels thus decreasing hydraulic 53 

conductivity (Eilmann et al. 2006).  54 

The effects of drought events on trees and forests can be assessed through the analysis of resilience 55 

components, and tree-ring data constitute one of the main valuable proxies for this purpose (Lloret et 56 

al 2011). Resilience is defined as the capacity of ecosystems, communities, or individuals to recover 57 

after disturbance and regain its pre-disturbance structure and function (Scheffer et al. 2001, Folke et 58 

al. 2004). Several dendroecological studies have shown how drought severity is the major factor 59 

influencing radial growth resilience to drought (e.g., Gazol et al. 2018). How oaks respond to climate 60 

(drought) also depend on both, external and internal constraints. For example, site characteristics may 61 

modify soil water availability resulting in a persisting environmental constraint for tree growth, as 62 

demonstrated in Quercus pubescens Willd on limestone bedrock (Vodnik et al. 2019). In addition, 63 

the risk of drought-induced dieback may be size-dependent, with canopy defoliation and mortality 64 

risk increasing with decreasing height and radial growth rate as found in Quercus faginea Lam. 65 

(Camarero et al. 2016). Drought-induced dieback leads to cascading effects on oak forests and 66 

associated species because it not only reduces tree growth but vitality since it may also increase tree 67 

vulnerability to biotic stressors such as insect defoliators and fungal pathogens (Wargo 1996; Thomas 68 

et al. 2002; Canelo et al. 2021). 69 



In Spain, winter-deciduous oaks such as Q. faginea, Q. pubescens and Quercus pyrenaica Willd. 70 

dominate many formerly coppiced forests, which comprise about 20% of the total forest area (Serrada 71 

et al. 1992, Cañellas et al. 2004). In the past, these oak coppices played relevant socio-economic roles 72 

in Mediterranean countries, primarily providing firewood and charcoal but also ensuring grazing for 73 

livestock in wood-pasture mixed systems. However, the withdrawal of these traditional uses and of 74 

regular coppicing has reduced stem radial growth rate making these overaged stands prone to drought-75 

induced dieback (Corcuera et al. 2006). The management of such coppice forests is a key forestry 76 

issue, especially in the Mediterranean countries where scenarios of warmer and drier climate 77 

conditions are forecasted (Vila-Viçosa et al. 2020).  78 

Thinning could reduce the impact of drought in coppiced forests that enter the stem exclusion 79 

stage, reducing intra- and inter-species competition between trees for water (Cabon et al. 2018; 80 

Gavinet et al. 2020). Canopy openings following thinning improve light conditions and enhance 81 

coppice above-ground growth with an abrupt increase in tree growth (Müllerová et al. 2016; Hepner 82 

et al. 2020). Furthermore, comparing growth responses to climate variability between thinned and 83 

unthinned stands would provide a reliable assessment on post-thinning resilience to drought. 84 

However, we still lack suitable assessments of post-drought growth responses after thinning and 85 

drought to discern if post-thinning growth enhancement is transitory and linked to drought alleviation. 86 

In this work we aimed: (i) to evaluate the effects of thinning on radial growth in treated and 87 

untreateded Q. subpyrenaica formerly coppiced stands; and (ii) to assess if thinning can enhance 88 

growth and improve resilience by alleviating drought stress. Our hypothesis is that thinning can 89 

increase resistance to drought impact and improve resilience (post-drought recovery) of trees to 90 

severe water deficit by reducing tree-to-tree competition for soil water and light. We compared oak 91 

growth responses to thinning and drought and used as reference Scots pine (Pinus sylvestris L) trees 92 

inhabiting thinned and unthinned stands. 93 

2. Material and methods 94 

2.1 Study area and species 95 

In North-eastern Spain, Q. pubescens and Q. faginea form a major biogeographic transition between 96 

the northern Eurosiberian and southern Mediterranean regions subjected to seasonal summer drought 97 

(Loidi and Herrera 1990). Q. pubescens is a sub-Mediterranean species present in sites with summer 98 

precipitation higher than 150 mm and altitude range between 400 and 1500 m (Ruiz de la Torre and 99 

Ceballos 1979). Q. faginea is a Mediterranean oak restricted to Morocco and Iberian Peninsula, 100 

mostly in sites with basic soils, summer precipitation higher than 100 mm and altitudes between 600-101 

1200 m a.s.l. (Ruiz de la Torre and Ceballos 1979). The contact areas between both species allowed 102 

their mixing and the resulting hybrid was named Quercus subpyrenaica E.H. del Villar (Amaral 103 



Franco 1990), which may be also regarded as a Q. pubescens subspecies (Govaerts and Frodin 1998). 104 

Currently, Q. subpyrenaica populations are mainly found in the Central and Western Spanish Pre-105 

Pyrenees, where usually form mixed forests with Scots pine. 106 

The study site is located in one of these Spanish Pre-Pyrenean ranges (Sierra de Luesia-Sto. 107 

Domingo) near the “Puy Moné” peak (1302 m a.s.l.), Aragón region (Fig. 1a). The main forest type 108 

is a Q. subpyrenaica (Qs) mixed forest, whit Acer campestris L., Acer opalus Mill., Pinus sylvestris 109 

L. and Fagus sylvatica L. in the most mesic sites (valley bottoms, N-oriented slopes) and Arbutus 110 

unedo L. in warm-dry sites (S-oriented slopes). Other less abundant woody species are among trees 111 

Ilex aquifolium L., Crataegus monogyna Jacq., Sorbus torminalis L., among shrubs Buxus 112 

sempervirens L. and Juniperus communis L., and the vine Amelanchier ovalis Medik. Bioclimate in 113 

this region is temperate oceanic (Sub-Mediterranean variant). The mean annual temperature is 10.4 114 

°C whereas mean annual precipitation is 795 mm, with a mean annual water balance of -16 mm 115 

(Spanish Meteorological Agency AEMET, period 1961-2020 period). Weekly values of the 116 

Standardized Precipitation Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2017), calculated 117 

on 48-month long scales, were high in 1978−1985 and low in 1985−1996 indicating wet and dry 118 

conditions, respectively (Fig .1b).  119 

 120 

Figure 1. (a) Location of the study site and distribution range of Q. pubescens and Q. faginea in the Iberian 121 

Peninsula (Caudullo et al. 2017). (b) SPEI calculated on 48-month scale in study site area (Vicente-Serrano et 122 

al. 2017). (c) Location of sampled plots: east-facing side (T1/U1), valley floor (T2/U2) and west-facing side 123 

(T3/U3).  124 



2.2 Field sampling  125 

Thinning was carried out in 1984 on three squared plots of 100 m2 in Q. subpyrenaica coppice stands. 126 

The basal area percentage removed in the thinning was 50%, corresponding to about 20-30 m2 ha-1. 127 

The three thinned plots have different topographic features within the study area slope (SE and SW 128 

aspects, valley floor). In each thinned plot (T1, T2 and T3) structural parameters (dbh, diameter at 129 

breat height; height) were measured, and tree increment cores were collected. Cores and 130 

measurements were also collected in nearby unthinned plots (U1, U2, U3) of the same size and with 131 

similar topographic features than T1, T2 and T3, respectively. Sampling with the same protocol was 132 

repeated at all plots in 2003/2004 and 2021, except for the T3 plot which was surveyed only in 2003.  133 

For each plot and woody species, we calculated mean dbh and height, tree density and total basal 134 

area (Table 1). We also calculated species richness (S) and species diversity (Shannon H’ index) 135 

considering all woody plant species sampled within each plot.  136 

2.3 Tree-ring data processing  137 

All Q. subpyrenaica trees inside each plot were cored using a 0.5-mm increment borer (Haglof, 138 

Sweden). For each tree, 2 cores were extracted at breast height (1.3 m) from the thickest stems of 139 

each multi-stemmed individual. Additional cores were also collected from P. sylvestris trees located 140 

in T1. In total, we sampled 145 oaks (71 trees in thinned plots and 74 trees in unthinned plots) and 141 

12 pines. We considered the Scots pine series because pines were present in formerly thinned plots 142 

and could be used as a reference growth data to detect post-thinning growth enhancements. 143 

We mounted all cores on wooden supports after air drying and polished them with progressively 144 

finer sandpapers. We visually cross-dated each core and then measured ring widths using a semi-145 

automatic system (LINTAB-TSAP, Rinntech, Germany) at 0.01 mm accuracy. We used the 146 

COFECHA software to check the visual cross-dating (Holmes 1983). Next, tree-ring width series 147 

measured from the same tree were transformed into basal area increment (BAI) series and averaged 148 

for each tree using the bai.in function contained in dplR package (Bunn 2008) of R software (R 149 

Development Core Team, 2020). 150 

2.4 Growth release detection 151 

To detect potential growth releases following the 1984 thinning, BAI series were analysed. The 152 

95% confidence interval of mean BAI series in thinned and unthinned plots was calculated using 153 

1000 bootstrap resampling. Growth release following canopy opening in 1984 was estimated by 154 

calculating the percentage of BAI change (BC). For each individual tree, the BC was calculated 155 

comparing mean BAI values in the 1981−1984 and 1985−1988 periods using the equation [1] where 156 



M1 is the 4-year mean BAI including the thinning year (period 1981−1984) and M2 is the following 157 

4-year mean (1985−1988 period). 158 

BC = [(M2−M1) / M1] × 100   [1]  159 

This approach is similar to the growth averaging method (Nowacki and Abrams 1997) based on 160 

comparing running 10-year ring-width means and used to detect growth releases or suppressions.  161 

Table 1. Topographic and structural characteristics of thinned (T1, T2 and T3) and unthinned (U1, U2 and 162 

U3) sampled plots. Woody species abbreviations: Ac, Acer campestre; Ao, Acer opalus; Au, Arbutus unedo; 163 

Av, Amelanchier ovalis; Bs, Buxus sempervirens; Cm, Crataegus monogyna; Ia, Ilex aquifolium; Jc, Juniperus 164 

communis; Ps, Pinus sylvestris; Qi, Quercus ilex; Qs, Quercus subpyrenaica. Variables’ abbreviations: S, 165 

species richness; H’, diversity. 166 

Plot 
Elevation 
(m a.s.l.) 

Slope 
(°) 

Aspect 

Density 
(No. 

stems 
ha-1) 

Qs 
density 

(No. 
stems 
ha-1) 

Total basal 
area 

(m2ha-1) 

Qs basal 
area 

(m2ha-1) 

Qs mean 
diameter 

(cm) 

Qs 
domin

ant 
height 

(m) 

Woody 
species 

S H’ 

T1 1150 25 SE 3200 1800 44.35 41.74 17.2 13.5 

Qs, Bs, 
Av, St, 
Ia, Ac, 

Ps 

7 1.33 

T2 1110 6 S 5900 1500 91.19 63.47 23.2 21.5 
Qs, Bs, 
Ao, Ia, 

Fs 
5 1.29 

T3 1140 20 SW 2800 1500 21.75 14.31 11.0 14.0 
Qs, Qi, 
Au, Cm 

4 1.44 

U1 1150 25 SE 7300 4400 56.92 53.45 12.4 11.0 
Qs, Bs, 
Jc, Cm, 

Ia 
5 0.82 

U2 1110 6 S 6900 3200 52.78 48.15 13.8 12.0 
Qs, Bs, 
Jc, Ps 

4 0.87 

U3 1140 20 SW 5900 3300 31.76 22.78 9.4 11.5 
Qs, Qi, 
Au, Cm 

4 1.6 

 167 

 168 

2.5 Growth responses to drought 169 

To analyse growth responses to drought we compared detrended BAI series and the SPEI drought 170 

index. First, the BAI series were detrended by fitting cubic spline functions to remove the age-, size- 171 

and disturbance-related trends and to emphasize the high-frequency growth variability (Cook et al. 172 

1990). We set the smoothing spline rigidity at 10 years and its wavelength cut-off value at 50%. We 173 

detrended all measured series dividing observed by fitted values to obtain dimensionless BAI indices. 174 

Three mean site chronologies were developed with a minimum sample depth of 10 series: (i) a Q. 175 

subpyrenaica chronology in thinned plots, (ii) a Q. subpyrenaica chronology in unthinned plots, and 176 



(iii) a P. sylvestris chronology. Mean standard chronologies were obtained averaging individual BAI 177 

indexed series using a bi-weight robust method (Fritts 1976).  178 

For climate-growth analyses we used mean standard chronologies and monthly SPEI indices 179 

calculated on 1-, 3-, 6- and 9-months. SPEI data correspond to the 1.1-km2 gridded SPEI dataset for 180 

Spain (Vicente-Serrano et al. 2017). Correlation values were calculated between monthly SPEI and 181 

indexed BAI for all the months of the vegetative period, April to November, in the post-thinning, 182 

common period 1984−2020. The stability of the strongest climate signals detected in this analysis 183 

was assessed by calculating moving response coefficients using 30-year moving windows and a 1-184 

year offset. Function parameters were bootstrapped to calculate their significance and confidence 185 

intervals. This analysis was done using the treeclim R package (Zang and Biondi 2015). 186 

Finally, potential severe drought events were detected based on a SPEI threshold of −1.28 (Agnew, 187 

2000). For these years (1967, 1986, 1989, 1995 and 2012) the Lloret resilience components (Lloret 188 

et al. 2011), i.e. resistance (Rt), recovery (Rc), resilience (Rs) and relative resilience (RRs) indices, 189 

and the growth recovery time (GRT, Thurm et al. 2016) were calculated on individual detrended BAI 190 

series using the “res.comp” fuction in “pointRes” R package (van der Maaten-Theunissen et al. 2015). 191 

We considered 4 years of pre- and post-disturbance for calculating resilience components and 192 

considered the maximum length of the recovery period equal to 10 years.  193 

2.6 Variability of resilience components 194 

Components of oak trees resilience (Rt, Rc, Rs and RRs) relative to drought events were used as 195 

response variables for each Generalized Linear Mixed-Effects (GLME) model applied, using the 196 

following predictors as fixed effects: (i) tree age, (ii) tree dbh, (iii) mean ring-width increment (RW), 197 

(iv) mean sensitivity (MS), a measure of the relative change in width between consecutive rings (Fritts 198 

1976), and (v) individual climate-growth correlation values (CorrSPEI). Treatment (unthinned 199 

/thinned) was used as dummy variable to search for response differences. Then, separate models for 200 

thinned and unthinned plots were fitted. Parameters (i), (ii), (iii) and (iv) refer to reconstructed values 201 

at the date of each drought events, based on ring-width measurements. MS was calculated using 202 

“sens1” function of the “dplR” R package (Bunn 2008). CorrSPEI is to the correlation value between 203 

each tree indexed BAI series and the SPEI within the common period 1984−2002 using the Pearson’s 204 

coefficient. This 19-year interval follows the thinning and was selected to include most of the BAI 205 

series from trees sampled in 2003. To avoid multicollinearity between predictors, we considered only 206 

a specific period for the SPEI computation, choosing the months that returned greater significance 207 

based on the results of the previous analysis (chapter 2.5). The Variance Inflation Factor (VIF) was 208 

used to detect multicollinearity among predictors considering a threshold of VIF > 5 for presence of 209 

multicollinearity. All predictors were standardized to account for differences in measurement units. 210 



The plot aspect was considered as random effect. Since the response variable (tree growth resistance) 211 

did not satisfy the normal distribution criterion (Shapiro–Wilk test), the gamma family was set in the 212 

GLMEs (Fig. S1). This analysis was carried out using the glmer function of the lme4 R package 213 

(Bates et al. 2007). Marginal and conditional R2 values (R2m and R2c, respectively), accounting for 214 

the variability due to fixed and fixed plus random factors, respectively, of fitted models were 215 

computed using “r2_nakagawa” function of the “performance” R package (Lüdecke et al. 2021). VIF 216 

was calculated using the vif function in the car R package (Fox et al. 2007). 217 

3. Results 218 

3.1 Quantification of release events in thinned plots 219 

Sampled oak trees were relatively young, with a mean age of 43 years in thinned plots and of 51 years 220 

in unthinned ones. In both cases, oaks presented both positive trends of mean BAI series up to the 221 

1970s, representing the vigorous juvenile phase of growth during a wet-cool decade (Fig. 2). Scots 222 

pines showed higher growth rates than oaks, but also more interannual variability, with an exceptional 223 

BAI reduction in years 1992-1993 (Fig. 2b). In 1989, both species and plots featured a drop in BAI 224 

due to an exceptional dry year.  225 

After 1984, oaks in thinned plots showed a growth release. For the following years, up to 2004 the 226 

oaks BAI values remained higher in thinned plots. The mean BAI change (BC) of oaks in 1984 for 227 

thinned plots was 100%, but close to 0% for Scots pines and oaks in unthinned plots (Fig. 3a). The 228 

differences between the first and third quartiles in BC values were much larger in the thinned plots 229 

suggesting greater individual variability following the treatment. Trees featuring higher release levels 230 

were the ones which, at the date of thinning, had smaller diameters (Fig. 3b). Trees DBH in 1984 and 231 

BC were negatively related in thinned plots (r = -0.63, p < 0.05).  232 



 233 

Figure 2. a) Basal area increment (BAI) chronologies of oaks in thinned (red line) and unthinned (blue line) 234 

plots and bootstrapped confidence intervals (95% CIs). b) BAI chronology of Scots pines and bootstrapped 235 

confidence intervals (95% CIs). 236 

 237 

 238 

Figure 3: (a) Box plots of basal area increment (BAI) change (BC) after the thinning in 1984 in thinned and 239 

unthinned oak plots and in P. sylvestris (pine) series. Significant differences in BC (%) between groups were 240 

tested with paired two-sided Student’s t-Test. Significance levels: ns (not significant) p > 0.05; * p < 0.05; ** 241 

p < 0.01; *** p < 0.001. (b) Scatter plot relating oak diameter (DBH) in 1984 with BAI change (BC) in 242 

thinned (red cross) and unthinned (blue cross) plots; the slope of the lines is denoted by the letter m. 243 

 244 



3.2 Growth response to drought events 245 

In the post thinning interval (1984−2020), we found a significant BAI response to the 1-month SPEI 246 

values for June in unthinned plots, whereas no significant correlation was found for thinned plots 247 

indicating a low responsiveness to short term changes in soil water availability (Fig. 4). The highest 248 

and significant correlation coefficients in P. sylvestris trees were found between indexed BAI and 249 

July 1-month SPEI, indicating a higher sensitivity to shorter drought events than oaks in thinned plots 250 

and a more similar response to oaks without thinning. The 3-month (June, July, and August) SPEI 251 

showed positive relationships with oak BAI for unthinned plots and only in August for thinned plots. 252 

Correlation coefficients for oaks in thinned and unthinned plots were high and significant for October 253 

6- and 9-month long SPEIs. The moving correlation analyses revealed a progressive loss of 254 

significance of the correlations with the June 1-month SPEI in thinned plots, while the values 255 

remained higher and significant in the unthinned plots. However, no difference between thinned and 256 

unthinned plots for 6- and 9-month long SPEIs was found in moving correlation analyses (Figs. 5 and 257 

S3). 258 

Exceptional dry growing seasons, with SPEI below the threshold of -1.28, occurred in 1967, 1986, 259 

1989, 1995 and 2012 (Fig. S2). In terms of resistance, the 1989 drought affected more severely 260 

studied trees, causing abrupt BAI growth reductions in both oaks (-40.5%) and pines (-40.1%). On 261 

the other hand, the 2012 drought event did not severely reduce growth of oaks and had a low effect 262 

on pines. P. sylvestris series showed remarkable differences with oaks in 1967 and 1995 (Fig. 6), 263 

when their resistance to drought was lower and higher than oaks, respectively.  264 

 265 

 266 



Figure 4. Correlation coefficients between mean indexed BAI standard chronologies and 1-, 3-, 6- and 9- 267 

month SPEI index, for the period 1984-2020. Asterisks are overlapped when 95% bootstrap confidence interval 268 

was significant.  269 

Generally, oaks and pines have high recovery rates (Rc>1) after drought (Fig. 6). Consequently, 270 

four years after the drought events BAI values were close to pre-disturbance levels, with resilience 271 

values close to one. On average, recovery periods for both pines and oaks occurred in one or two 272 

years, with exception of the 1967 drought when pines required four years and the ones in1989 and 273 

1995 when most oaks needed more than two years to recover. Relative resilience indices showed 274 

distributions similarly to recovery indices (Figs. 6 and S4), and they were inversely proportional to 275 

the resistance index. 276 

 277 

Figure 5. Pearson’s correlation coefficients calculated using 30-year moving windows between mean indexed 278 

BAI standard chronologies and June 1-month SPEI index and October 6-month SPEI. Filled dots for significant 279 

95% bootstrap confidence interval. Period of analysis is 1963-2020. All results are plotted in Figure S3. 280 



 281 

Figure 6. Boxplots showing resistance, recovery and resilience indices and recovery period (years) of Q. 282 

subpyrenaica trees in thinned (red) and unthinned (blue) plots and P. sylvestris trees (grey) for drought events 283 

of the years 1967, 1986, 1989, 1995 and 2012 (see also Fig. S2). Relative resilience indices calculated in Q. 284 

subpyrenaica trees in thinned and unthinned plots are plotted in Figures S4. Significant differences between 285 

groups (paired two-sided Student’s t-Test with α=0.05) were represented by overhead letters. 286 

 287 

3.3 Variability of resilience components 288 

The October 9-month SPEI index was selected as a main drought driver of oak growth for the 289 

computation of climate growth correlation at individual tree level in the common period 1984−2002 290 

(CorrSPEI). Within this time interval, we analyzed three exceptional droughts (1986, 1989 and 1995; 291 

cf. Fig. S2) using GLMEs.  292 

Generally, thinned plots showed higher resistance values in 1986 and lower in 1989 than unthinned 293 

plots (Table 2). In 1986 and 1989, RW had a significant negative effect over resistance in unthinned 294 

stands. In the second event, MS and CorrSPEI parameters presented negative influences on growth 295 

resistance, especially for thinned plots. In the 1995 drought, there was not significant difference 296 

among thinned and unthinned plots, resistance was negatively related to RW and MS. For the same 297 

event, the only parameter with significant weight was the correlation coefficient between SPEI and 298 

BAI in unthinned plots (Table 2).  299 

Thinned plots showed a significantly lower resilience after the 1986 severe drought. However, 300 

larger oaks from thinned plots showed lower levels of relative resilience in the 1989 and higher in the 301 

1995 drought. Mean sensitivity had a significant positive (1986) and negative (1989) weight on 302 

resilience, especially for thinned stands. CorrSPEI was often positively related to resilience, 303 

especially in 1989 and 1995. Finally, the relative resilience was not influenced by either tree DBH or 304 



tree age, but it depended more on CorrSPEI (positive relationship) and slightly on ring width and 305 

mean sensitivity (Table 2).  306 

In all models performed, slope aspect always explained a very little portion of the variance. 307 

Moreover, the values of conditional and marginal R2 were similar indicating that most variability in 308 

growth resistance to drought was accounted for by fixed factors (Table 2). 309 



Table 2. Summary statistics (t values) of Generalized Linear Mixed-Effects models fitting tree growth resistance, recovery, resilience and relative resilience in 310 

the three drought years studied (1986, 1989 and 1995). Variables are abbreviated as: dbh, diameter at breath height; RW, mean ring width; MS, mean sensitivity; 311 

CorrSPEI, correlation coefficients of October 9-month SPEI index and the BAI chronology. In the case of fixed factors, NA indicates the parameter not included 312 

in the model, whereas in the case of the random factor (slope aspect) NA was used when the calculation of the conditional R2 (R2c) was not possible due to 313 

variance equal to 0. Bold values are statistically significant. Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001. 314 

 315 

Resistance 1986 1989 1995 

  All Thinned Unthinned All Thinned Unthinned All Thinned Unthinned 

Intercept +8.73*** +11.15*** +5.59*** +15.51*** +9.29*** +11.16*** +12.10*** +11.16*** +7.89*** 

Age NA NA +0.31 NA NA -1.81 NA NA +0.28 

dbh -1.26 -1.36 NA -2.15* -0.18 NA +1.00 +2.04* NA 

RW -0.81 -0.38 -1.99* -0.19 -0.83 -2.30* -2.21* -2.92** -0.99 

MS +0.40 +0.01 -0.44 -3.65*** -3.07** -1.36 -4.05*** -3.81*** -0.92 

CorrSPEI -0.33 -1.12 +0.37 -2.75** -1.69 -2.60** -1.43 -0.39 -1.85 

Thinning (dummy) +3.31*** NA NA -5.47*** NA NA -0.72 NA NA 

Slope aspect 

variance 
<0.01 0 <0.01 <0.01 0.01 0 <0.01 <0.01 <0.01 

R2m 0.07 0.04 0.03 0.18 0.05 0.15 0.13 0.21 0.06 

R2c 0.09 NA 0.07 0.19 0.07 NA 0.14 0.26 0.09 

 
         

Recovery 1986 1989 1995 

  All Thinned Unthinned All Thinned Unthinned All Thinned Unthinned 

Intercept +9.36*** +8.50*** +5.79*** +8.082*** +7.67*** +5.69*** +8.52*** +9.72*** +5.93*** 

Age NA NA NA NA NA +0.18 NA NA -0.73 

dbh +0.45 +0.91 +0.53 -0.16 -0.41 NA -1.69 -1.13 NA 

RW -1.61 -1.67 -1.56 +1.25 +1.33 +0.57 +2.19* +1.99* +0.07 

MS +0.06 -0.50 +0.52 +1.13 +0.43 +0.93 +3.62*** +2.95** +1.49 

CorrSPEI +1.28 +0.98 +1.37 +3.43*** +1.62 +2.89*** +6.06*** +2.45* +5.62*** 

Thinning (dummy) -4.41*** NA NA +3.31*** NA NA -0.18 NA NA 

Slope aspect 

variance 
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.00 <0.01 

R2m 0.268 0.107 0.090 0.426 0.247 0.189 0.446 0.457 0.352 

R2c 0.334 0.259 0.175 0.448 0.303 0.247 0.462 NA 0.410 



 
         

Resilience 1986 1989 1995 

  All Thinned Unthinned All Thinned Unthinned All Thinned Unthinned 

Intercept +8.01*** +6.01*** +7.35*** +18.35*** +19.00*** +11.44*** +11.74*** +11.76*** +8.64*** 

Age NA NA NA NA NA -1.63 NA NA -1.07 

dbh -2.35* -1.25 +1.29 -2.92** -1.94 NA -1.61 1.85 NA 

RW +1.91 +1.66 -2.26* +0.75 +1.93 -2.10* -0.11 -0.04 -2.34* 

MS +3.77*** +2.36* +0.32 -2.27* -3.28** +0.72 -0.22 +0.04 -0.16 

CorrSPEI +0.71 -0.60 +2.12* +2.28* +1.99* +1.73 +4.38*** +2.16* +3.88*** 

Thinning (dummy) +0.47 NA NA -2.65** NA NA +0.53 NA NA 

Slope aspect 

variance 
0.00 <0.01 <0.01 <0.01 0.00 <0.01 <0.01 <0.01 0.00 

R2m 0.293 0.319 0.106 0.176 0.188 0.147 0.147 0.129 0.243 

R2c NA 0.336 0.140 0.185 NA 0.185 0.165 0.205 NA 

 
         

 
         

Relative resilience 1986 1989 1995 

  All Thinned Unthinned All Thinned Unthinned All Thinned Unthinned 

Intercept +20.00*** +15.42 +13.73*** +21.72*** +18.49*** +13.53*** +21.72*** +13.69*** +13.84*** 

Age NA NA NA NA NA -0.37 NA NA -0.39 

dbh +0.06 +0.28 +1.26 -1.48 -1.32 NA -1.48 -0.85 NA 

RW -1.43 -0.76 -2.37* +1.72 +1.76 -1.69 1.72 +2.23* -0.87 

MS +1.29 +0.36 +1.00 +3.28** -0.86 1.05 +3.28** +2.18* +1.88 

CorrSPEI +1.70 +0.84 +2.08* +6.67*** 1.65 +3.12** +6.67*** +2.87** +5.77*** 

Thinning (dummy) -3.10** NA NA 0.05 NA NA 0.05 NA NA 

Slope aspect 

variance 
<0.00 <0.01 <0.01 <0.01 0.00 <0.01 <0.01 0.00 <0.01 

R2m 0.169 0.024 0.219 0.176 0.188 0.147 0.529 0.484 0.503 

R2c 0.231 0.152 0.226 0.185 NA 0.185 0.530 NA 0.505 

316 



4. Discussion 317 

4.1 Effects of thinning on oak radial growth 318 

Thinning enhanced radial growth in Q. subpyrenaica trees, an effect lasted for over 20 years and 319 

slightly decreasing probably in relation to canopies closure. Other studies on other oak species 320 

confirm the lasting duration of the positive effect of thinning on growth (Cutter et al. 1991; Mayor et 321 

al. 1993; Cañellas et al 2004). The Q. subpyrenaica response after these treatments depended on stem 322 

diameter, with smaller stems featuring more plastic response and showing a higher relative growth 323 

improvement than larger individuals. This could be related to the suppressed position of the 324 

dominated layer that promptly enhanced radial growth after the canopy opened by thinning. The 325 

larger trees, which had already reached a dominant or codominant position within the stand, exhibited 326 

fewer release effects. This response could be due to higher competition among stems of the same 327 

individual, as reported by Corcuera et al. (2006) for multi-stemmed Quercus pyrenaica coppice trees. 328 

Juodvalkis et al. (2005) also reported similar results demonstrating that an increase of tree volume 329 

could be achieved only when thinning 10-30 years-old oak (Quercus robur) stands, whereas at older 330 

ages the positive effect of thinning is buffered by overaging. On the other hand, the larger trees were 331 

the most favoured by thinning due to their greater capacity of resource uptake (soil water and 332 

nutrients) and allocation occurring after thinning in a study on Q. pyrenaica coppice stands in central 333 

Spain (Cañellas et al 2004). However, an imbalance between stem diameter and parent root system 334 

size could occur after a thinning treatment in coppice stands, resulting in smaller trees not necessarily 335 

suppressed in root water uptake by bigger individuals. 336 

4.2 Effects of thinning on climate-growth relationships 337 

Since Q. subpyrenaica has shown a wide range of ecophysiological adjustments in response to 338 

drought stress in experiments based on seedlings, even wider than their parental taxa (Himrane et al. 339 

2004), it is important to assess the growth responses to water shortage of adult trees inhabiting 340 

formerly coppiced forests as has been done in Q. faginea (Alla and Camarero 2012). In our study, 341 

climate-growth analysis confirmed the key role of water availability in limiting tree stem growth, in 342 

line with other studies on Mediterranean deciduous oaks (Corcuera et al. 2004, Camarero et al. 2016, 343 

Martínez-Sancho et al. 2021). Growth and productivity of oaks was linked to more consistently to 344 

longer (i.e 6 to 9 months) droughts. However, in unthinned plots growth was linked to early summer 345 

(June) drought conditions, similarly to what Di Filippo et al. (2010) found in Turkey oak (Quercus 346 

cerris L.). Moving windows analysis revealed that this effect was also significant in oaks located in 347 

thinned plots, but it lost its significance following the thinning treatment. Correlations values between 348 

oak growth and longer droughts (6- to 9-month SPEIs) did not show differences between thinned and 349 

unthinned plots and remained stable even after treatment.  350 



 Scots pine growth exhibited positive correlations to 1-month July SPEI, therefore being more 351 

sensitive to short-term droughts than Q. subpyrenaica in thinned plots. The different ecophysiological 352 

strategies of coexisting pines and oaks to withstand summer drought were well described by Martín-353 

Gómez et al. (2017). They found that the anisohydric oaks presented a faster recovery of predawn 354 

water potential after summer drought than the pines. This is probably associated with more accessible 355 

and deeper soil water tables which could explain specific response to longer droughts. These authors 356 

also reported a stronger negative effect of drought stress on long-term growth in pines, relying on 357 

shallower soil water tables, compared with oaks.  358 

In our study, the exceptional growth reduction featured in Scots pine in 1992-1993 period (Fig. 359 

2b) was not related to severe drought conditions, suggesting an impact of other abiotic or biotic 360 

disturbances such as the defoliator pine processionary moth, Thaumetopoea pityocampa (Camarero 361 

et al. 2022). In addition, cold winter conditions (January and February were cold in 1992) could also 362 

have contributed to the sharp decrease in Scots pine growth (Matisons et al. 2019). 363 

4.3 Impact of severe droughts on growth resilience 364 

The oak Q. subpyrenaica is a ring-porous species with anisohydric behavior, maintaining higher 365 

transpiration and physiological activity under mild-to moderate drought conditions (Corcuera et al. 366 

2004, Himrane et al. 2004, Tognetti et al. 2007). However, during very dry summer conditions, Q. 367 

subpyrenaica reduces transpiration rates showing high recovery rates after the first seasonal 368 

precipitation in early fall (Martín-Gómez et al. 2017). The exceptionally and successive droughts 369 

detected in the study site from the 1980s onwards, also investigated by other authors for nearby 370 

forested areas in Spain (Camarero et al. 2015, 2016, 2018; Manrique-Alba et al. 2022), could explain 371 

an intensification of the coupling between oak growth and water deficit. Differently from Q. ilex and 372 

Q. faginea mixed coppice forests in a drier area of eastern Spain (Camarero et al. 2016), Q. 373 

subpyrenaica in our study site proved highly resistant to the 2012 drought event in both thinned and 374 

unthinned plots, perhaps because it was less severe in the Spanish Pre-Pyrenees. The other selected 375 

drought events affected differently studied plots: the 1967 and 1995 ones produced similar effects 376 

regardless of thinnings, whereas in 1986 and 1989 the resistance values differed between thinned and 377 

unthinned plots. Specifically, in 1986 the growth reduction on thinned oak plots was mitigated by the 378 

release of the post-thinning phase. In 1989 drought induced a more pronounced growth reduction in 379 

oaks of thinned plots. Nevertheless, also in concomitance of severe droughts events absolute BAI 380 

values in thinned plots were significantly higher than those recorded in unthinned plots, in line with 381 

the results obtain by Aldea et al. (2017) in thinned, mixed pine-oak stands. 382 

Most trees recovered pre-disturbance growth levels within one or two years, confirming global 383 

analyses of post-drought growth recovery (Anderegg et al. 2015), with wider interquartile ranges for 384 



the recovery periods after the 1989 drought, when some oaks and pines took up to six years to fully 385 

recover growth levels.  386 

The fitted GLMEs confirmed the opposite influence of thinning on resilience components (Rs, Rc, 387 

Rs and RR) in oak trees during the 1986 and 1989 droughts, while in 1995 the differences between 388 

thinned and unthinned plots were not significant. Tree-level drought sensitivity assessed with 389 

CorrSPEI generally had a higher weight than structural (DBH and age) and growth (RW and MS) 390 

parameters on resilience components. As expected, CorrSPEI was negatively related to drought Rs 391 

but positively related to Rc, Rs and RR. Oaks trees with larger DBH feature higher resilience against 392 

severe droughts and shorten the time to regian pre-drought growth rates (Camarero et al., 2016; 393 

Colangelo et al. 2017, González de Andrés et al. 2021). However, we are not able to claim a clear 394 

role of stem diameter on resilience components, with an opposite effect during 1995 drought as 395 

compared to 1986 and 1989 droughts.  396 

Inter-annual growth variability estimated with mean sensitivity statistics (MS) is negatively related 397 

with drought resistance only in thinned plots and for the 1989 and 1995 events. The growth release 398 

following the thinning enhanced the MS in oaks trees making drought influence on growth more 399 

noticeable. Instead, competition in unthinned plots explains the production of complacent growth 400 

series and the lack of significance of MS in GLMs. 401 

Soil and topographic features such as aspect and/or relative position of forest along the slope could 402 

also influence the effect of drought on tree growth (Lloret et al 2004). In our study case, little 403 

differences of slope aspects did not change oaks resilience components, with no differences detected 404 

by GLMEs in sensitivity between SE- and wetter SW-oriented slopes. A larger number of plots 405 

distributed at different aspects could help for better investigating this aspect. 406 

Our results are supported by the outcomes of a recent meta-analysis showing a high variability of 407 

stand competition influence over tree growth resilience after drought (Castagneri et al. 2022). Our 408 

initial hypothesis of greater resistance and resilience of thinned plots oaks cannot be always 409 

confirmed but only for the first severe drought occurred after the treatment.  A possible explanation 410 

is that forest management strategies such as thinning induce only short-term benefits but may not 411 

result in long-term adaptation to global change, that could be achieved promoting changes in species 412 

or genetic composition (Vilà-Cabrera et al. 2018).  413 



5. Conclusions 414 

Q. subpyrenaica stem radial growth showed a moderate post-thinning release especially in trees with 415 

lower DBH. Thinning induced long-lasting growth increase, reversed only by severe droughts. 416 

Following drought events reducing the amount of stored wood biomass, could lengthen the post-417 

drought recovery time (usually 1-2 years), postpone the turnover cycle and the timing of other 418 

silvicultural treatments. At the same time, thinning could reduce competition between individuals for 419 

soil water, causing dieback, especially in overaged coppice stands. We argue that future studies 420 

should carefully plan and monitor thinning treatments in similar seasonally dry oak coppices which 421 

probably respond more positively to thinning treatments carried out during wetter decades and in 422 

regular intervals shorter than 20 years.  423 

References 424 

Acácio, V., Dias, F.S., Catry, F.X., Rocha, M., Moreira, F., 2017. Landscape dynamics in 425 

Mediterranean oak forests under global change: understanding the role of anthropogenic and 426 

environmental drivers across forest types. Glob. Chang. Biol. 23, 1199–1217. 427 

https://doi.org/10.1111/gcb.13487 428 

Agnew, C. T., 2000. Using the SPI to identify drought. Drought Network News, 12, 6-12. 429 

Aldea, J., Bravo, F., Bravo-Oviedo, A., Ruiz-Peinado, R., Rodríguez, F., del Río, M., 2017. 430 

Thinning enhances the species-specific radial increment response to drought in Mediterranean 431 

pine-oak stands. Agric. For. Meteorol. 237–238, 371–383. 432 

https://doi.org/10.1016/j.agrformet.2017.02.009 433 

Alla, A.Q., Camarero, J.J., 2012. Contrasting responses of radial growth and wood anatomy to 434 

climate in a Mediterranean ring-porous oak: Implications for its future persistence or why the 435 

variance matters more than the mean. Eur. J. For. Res. 131, 1537–1550. 436 

https://doi.org/10.1007/s10342-012-0621-x 437 

Amaral Franco J 1990. Quercus L. In: Castroviejo S, Laínz M, López G, Montserrat P, Muñoz F, 438 

Paiva J, Villar L (eds) Flora Iberica. II. Plantas Vasculares de la Península Ibérica e Islas 439 

Baleares. RJBM-CSIC, Madrid, pp 16–36. 440 

Amorini, E., Biocca, M., Manetti, M.C., Motta, E., 1996. A dendroecological study in a declining 441 

oak coppice stand. Ann. des Sci. For. 53, 731–742. https://doi.org/10.1051/forest:19960249 442 

Anderegg, W.R.L., Schwalm, C., Biondi, F., Camarero, J.J., Koch, G., Litvak, M., Ogle, K., Shaw, 443 

J.D., Shevliakova, E., Williams, A.P., Wolf, A., Ziaco, E., Pacala, S., 2015. Pervasive drought 444 

legacies in forest ecosystems and their implications for carbon cycle models. Science 349, 528–445 

532. https://doi.org/10.1126/science.aab1833 446 

Bates, D., Sarkar, D., Bates, M.D., Matrix, L., 2007. The lme4 Package. October 2. 125 447 



Benito Garzón, M., Sánchez De Dios, R., Sainz Ollero, H., 2008. Effects of climate change on the 448 

distribution of Iberian tree species. Appl. Veg. Sci. 11, 169–178. https://doi.org/10.3170/2008-449 

7-18348 450 

Bunn, A.G., 2008. TECHNICAL NOTE A dendrochronology program library in R ( dplR ). 451 

Dendrochronologia 26, 115–124. https://doi.org/10.1016/j.dendro.2008.01.002 452 

Cabon, A., Mouillot, F., Lempereur, M., Ourcival, J.M., Simioni, G., Limousin, J.M., 2018. 453 

Thinning increases tree growth by delaying drought-induced growth cessation in a 454 

Mediterranean evergreen oak coppice. For. Ecol. Manage. 409, 333–342. 455 

https://doi.org/10.1016/j.foreco.2017.11.030 456 

Camarero, J.J., Franquesa, M., Sangüesa-Barreda, G., 2015. Timing of drought triggers distinct 457 

growth responses in holm oak: Implications to predict warming-induced forest defoliation and 458 

growth decline. Forests 6, 1576-1597. https://doi.org/10.3390/f6051576 459 

Camarero, J.J., Gazol, A., Sangüesa-Barreda, G., Cantero, A., Sánchez-Salguero, R., Sánchez-460 

Miranda, A., Granda, E., Serra-Maluquer, X., Ibáñez, R., 2018. Forest growth responses to 461 

drought at short- and long-term scales in Spain: Squeezing the stress memory from tree rings. 462 

Front. Ecol. Evol. 6, 9. https://doi.org/10.3389/fevo.2018.00009 463 

Camarero, J.J., Sangüesa-Barreda, G., Vergarechea, M., 2016. Prior height, growth, and wood 464 

anatomy differently predispose to drought-induced dieback in two Mediterranean oak species. 465 

Ann. For. Sci. 73, 341–351. https://doi.org/10.1007/s13595-015-0523-4 466 

Camarero, J.J., Tardif, J., Gazol, A., Conciatori, F., 2022. Pine processionary moth outbreaks cause 467 

longer growth legacies than drought and are linked to the North Atlantic Oscillation. Sci. Tot. 468 

Env. 819, 153041. https://doi.org/10.1016/j.scitotenv.2022.153041 469 

Cañellas, I., Del Río, M., Roig, S., Montero, G., 2004. Growth response to thinning in Quercus 470 

pyrenaica Willd. coppice stands in Spanish central mountain. Ann. For. Sci. 61, 243–250. 471 

https://doi.org/10.1051/forest:2004017 472 

Canelo, T., Gaytán, Á., Pérez-Izquierdo, C., Bonal, R., 2021. Effects of longer droughts on holm 473 

oak Quercus ilex l. acorn pests: Consequences for infestation rates, seed biomass and embryo 474 

survival. Diversity 13, 110. https://doi.org/10.3390/d13030110 475 

Castagneri, D., Vacchiano, G., Hacket-Pain, A., DeRose, R.J., Klein, T., Bottero, A., 2022. Meta-476 

analysis reveals different competition effects on tree growth resistance and resilience to 477 

drought. Ecosystems 25, 30–43. https://doi.org/10.1007/s10021-021-00638-4 478 

Caudullo, G., Welk, E., San-Miguel-Ayanz, J., 2017. Chorological maps for the main European 479 

woody species. Data Br. 12, 662–666. https://doi.org/10.1016/j.dib.2017.05.007 480 



Colangelo, M., Camarero, J.J., Battipaglia, G., Borghetti, M., De Micco, V., Gentilesca, T., 481 

Ripullone, F., 2017. A multi-proxy assessment of dieback causes in a Mediterranean oak 482 

species. Tree Physiol. 37, 617–631. https://doi.org/10.1093/treephys/tpx002 483 

Colangelo, M., Camarero, J.J., Borghetti, M., Gazol, A., Gentilesca, T., Ripullone, F., 2017. Size 484 

matters a lot: Drought-affected Italian oaks are smaller and show lower growth prior to tree 485 

death. Front. Plant Sci. 8, 135. https://doi.org/10.3389/fpls.2017.00135 486 

Cook, E. R., K. R. Briffa, S. Shiyatov, and V. Mazepa , 1990). Tree-ring standardization and 487 

growth-trend estimation, in Methods of Dendrochronology: Applications in the Environmental 488 

Sciences, edited by E. R. Cook, and L. A. Kairiukstis, pp. 104–123, Kluwer Acad., Norwell, 489 

Mass. 490 

Corcuera, L., Camarero, J.J., Gil-Pelegrín, E., 2004. Effects of a severe drought on growth and 491 

wood anatomical properties of Quercus faginea. IAWA J. 25, 185–204. 492 

https://doi.org/10.1163/22941932-90000360 493 

Corcuera, L., Camarero, J.J., Sisó, S., Gil-Pelegrín, E., 2006. Radial-growth and wood-anatomical 494 

changes in overaged Quercus pyrenaica coppice stands: Functional responses in a new 495 

Mediterranean landscape. Trees - Struct. Funct. 20, 91–98. https://doi.org/10.1007/s00468-005-496 

0016-4 497 

Cutter, B.E., Lowell, K.E., Dwyer, J.P., 1991. Thinning effects on diameter growth in black and 498 

scarlet oak as shown by tree ring analyses. For. Ecol. Manage. 4, 1–13. 499 

https://doi.org/10.1016/0378-1127(91)90071-3 500 

de Dios, R.S., Benito-Garzón, M., Sainz-Ollero, H., 2009. Present and future extension of the 501 

Iberian submediterranean territories as determined from the distribution of marcescent oaks. 502 

Plant Ecol. 204, 189–205. https://doi.org/10.1007/s11258-009-9584-5 503 

Di Filippo, A., Alessandrini, A., Biondi, F., Blasi, S., Portoghesi, L., Piovesan, G., 2010. Climate 504 

change and oak growth decline: Dendroecology and stand productivity of a Turkey oak 505 

(Quercus cerris L.) old stored coppice in Central Italy. Ann. For. Sci. 67, 706. 506 

https://doi.org/10.1051/forest/2010031 507 

Eilmann, B., Weber, P., Rigling, A., Eckstein, D., 2006. Growth reactions of Pinus sylvestris L. and 508 

Quercus pubescens Willd. to drought years at a xeric site in Valais, Switzerland. 509 

Dendrochronologia 23, 121–132 https://doi.org/10.1016/j.dendro.2005.10.002 510 

Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmqvist, T., Gunderson, L., Holling, C.S., 2004. 511 

Regime shifts, resilience, and biodiversity in ecosystem management. Ann. Rev. Ecol. Evol. 512 

Syst. 35: 557–581. https://doi.org/10.1146/annurev.ecolsys.35.021103.105711 513 



Fox, J., Weisberg, S., Bates, D., Firth, D., Friendly, M., Gor-, G., Graves, S., Heiberger, R., 514 

Laboissiere, R., Mon-, G., Nilsson, H., Ogle, D., Ripley, B., Zeileis, A., 2012. The car Package. 515 

R. 516 

Fritts, H.C., 1976. Tree rings and climate. Academic Press, London. 517 

Gavinet, J., Ourcival, J.M., Gauzere, J., García de Jalón, L., Limousin, J.M., 2020. Drought 518 

mitigation by thinning: Benefits from the stem to the stand along 15 years of experimental 519 

rainfall exclusion in a holm oak coppice. For. Ecol. Manage. 473, 118266. 520 

https://doi.org/10.1016/j.foreco.2020.118266 521 

Gazol, A., Camarero, J.J., Vicente-Serrano, S.M., Sánchez-Salguero, R., Gutiérrez, E., de Luis, M., 522 

Sangüesa-Barreda, G., Novak, K., Rozas, V., Tíscar, P.A., Linares, J.C., Martín-Hernández, N., 523 

Martínez del Castillo, E., Ribas, M., García-González, I., Silla, F., Camisón, A., Génova, M., 524 

Olano, J.M., Longares, L.A., Hevia, A., Tomás-Burguera, M., Galván, J.D., 2018. Forest 525 

resilience to drought varies across biomes. Glob. Chang. Biol. 24, 2143–2158. 526 

https://doi.org/10.1111/gcb.14082 527 

Gentilesca, T., Camarero, J.J., Colangelo, M., Nolè, A., Ripullone, F., 2017. Drought-induced oak 528 

decline in the western mediterranean region: An overview on current evidences, mechanisms 529 

and management options to improve forest resilience. IForest 10, 796–806. 530 

https://doi.org/10.3832/ifor2317-010 531 

González de Andrés, E., Rosas, T., Camarero, J.J., Martínez-Vilalta, J., 2021. The intraspecific 532 

variation of functional traits modulates drought resilience of European beech and pubescent 533 

oak. J. Ecol. 109, 3652–3669. https://doi.org/10.1111/1365-2745.13743 534 

Govaerts, R., Frodin, D.G., 1998. World checklist and bibliography of Fagales. Kew R. Bot. Gard. 535 

Kew vii, 407p. 536 

Guiot, J., 1991. The bootstrapped response function. Tree Ring Bull. 51, 39–41. 537 

Hepner, H., Lutter, R., Tullus, A., Kanal, A., Tullus, T., Tullus, H., 2020. Effect of early thinning 538 

treatments on above-ground growth, biomass production, leaf area index and leaf growth 539 

efficiency in a hybrid aspen coppice stand. Bioenergy Res. 13, 197–209. 540 

https://doi.org/10.1007/s12155-020-10111-0 541 

Himrane, H., Camarero, J.J., Gil-Pelegrín, E., 2004. Morphological and ecophysiological variation 542 

of the hybrid oak Quercus subpyrenaica (Q. faginea x Q. pubescens). Trees - Struct. Funct. 18, 543 

566–575. https://doi.org/10.1007/s00468-004-0340-0 544 

Holmes, R., 1983. Computer-assisted quality control in tree-ring dating and measurement. Tree-ring 545 

Bull. 43, 69–78. 546 



Juodvalkis, A., Kairiukstis, L., Vasiliauskas, R., 2005. Effects of thinning on growth of six tree 547 

species in north-temperate forests of Lithuania. Eur. J. For. Res. 124, 187–192. 548 

https://doi.org/10.1007/s10342-005-0070-x 549 

Kaproth, M., Cavender-Bares, J., 2016. Drought tolerance and climatic distributions of the 550 

American oaks. Int. Oaks 27. 551 

Lloret, F., Jaime, L.A., Margalef-Marrase, J., Pérez-Navarro, M.A., Batllori, E., 2022. Short-term 552 

forest resilience after drought-induced die-off in Southwestern European forests. Sci. Tot. Env. 553 

806, 150940. https://doi.org/10.1016/j.scitotenv.2021.150940 554 

Lloret, F., Keeling, E.G., Sala, A., 2011. Components of tree resilience: Effects of successive low-555 

growth episodes in old ponderosa pine forests. Oikos 120, 1909–1920. 556 

https://doi.org/10.1111/j.1600-0706.2011.19372.x 557 

Lloret, F., Siscart, D., Dalmases, C., 2004. Canopy recovery after drought dieback in holm-oak 558 

Mediterranean forests of Catalonia (NE Spain). Glob. Chang. Biol. 10, 2092–2099. 559 

https://doi.org/10.1111/j.1365-2486.2004.00870.x 560 

Lüdecke, D., Ben-Shachar, M., Patil, I., Waggoner, P., Makowski, D., 2021. performance: An R 561 

Package for Assessment, Comparison and Testing of Statistical Models. J. Open Source Softw. 562 

6, 3139. https://doi.org/10.21105/joss.03139 563 

Manrique-Alba, À., Beguería, S., Camarero, J.J., 2022. Long-term effects of forest management on 564 

post-drought growth resilience: An analytical framework. Sci. Total Env. 810, 152374. 565 

https://doi.org/10.1016/j.scitotenv.2021.152374 566 

Martínez-Sancho, E., Gutiérrez, E., Valeriano, C., Ribas, M., Popkova, M.I., Shishov, V. V., 567 

Dorado-Liñán, I., 2021. Intra-and inter-annual growth patterns of a mixed pine-oak forest under 568 

mediterranean climate. Forests 12, 1746. https://doi.org/10.3390/f12121746 569 

Martín-Gómez, P., Aguilera, M., Pemán, J., Gil-Pelegrín, E., Ferrio, J.P., 2017. Contrasting 570 

ecophysiological strategies related to drought: the case of a mixed stand of Scots pine (Pinus 571 

sylvestris) and a submediterranean oak (Quercus subpyrenaica). Tree Physiol. 37, 1478– 1492. 572 

https://doi.org/10.1093/treephys/tpx101 573 

Matisons, R., Jansone, D., Elferts, D., Adamovičs, A., Schneck, V., Jansons, Ā., 2019. Plasticity of 574 

response of tree-ring width of Scots pine provenances to weather extremes in Latvia. 575 

Dendrochronologia 54, 1–10. https://doi.org/10.1016/j.dendro.2019.01.002 576 

Mayor, X., Roda, F., 1993. Growth response of holm oak (Quercus ilex L) to commercial thinning 577 

in the Montseny Mountains (NE Spain). Ann. des Sci. For. 50, 247– 256. 578 

https://doi.org/10.1051/forest:19930303 579 



Müllerová, J., Pejcha, V., Altman, J., Plener, T., Dörner, P., Doleal, J., 2016. Detecting coppice 580 

legacies from tree growth. PLoS One 11, 1–14. https://doi.org/10.1371/journal.pone.0147205 581 

Novick, K., Jo, I., D’Orangeville, L., Benson, M., Au, T.F., Barnes, M., Denham, S., Fei, S., 582 

Heilman, K., Hwang, T., Keyser, T., Maxwell, J., Miniat, C., McLachlan, J., Pederson, N., 583 

Wang, L., Wood, J.D., Phillips, R.P., 2022. The Drought Response of Eastern US Oaks in the 584 

Context of Their Declining Abundance. Bioscience 72, 333– 346. 585 

https://doi.org/10.1093/biosci/biab135 586 

Nowacki, G.J., Abrams, M.D., 1997. Radial-growth averaging criteria for reconstructing 587 

disturbance histories from presettlement-origin oaks. Ecol. Monogr. 67, 225– 249. 588 

https://doi.org/10.1890/0012-9615(1997)067[0225:RGACFR]2.0.CO;2 589 

Ruiz de la Torre, J., Ceballos, L., 1979. Árboles y arbustos de la España peninsular. Escuela 590 

Técnica Superior de Ingenieros de Montes. Madrid, Spain. 591 

Scheffer, M., Carpenter, S., Foley, J.A., Folke, C., Walker, B., 2001. Catastrophic shifts in 592 

ecosystems. Nature 413, 591– 596. https://doi.org/10.1038/35098000 593 

Serrada, R., Allué, M., San Miguel, A., 1992. The coppice system in Spain. Current situation, state 594 

of art and major areas to be investigated. Ann. Ist. Sper. Selv 27, 266–275. 595 

Thomas, F.M., Blank, R., Hartmann, G., 2002. Abiotic and biotic factors and their interactions as 596 

causes of oak decline in Central Europe. For. Pathol. 32, 277–307. 597 

https://doi.org/10.1046/j.1439-0329.2002.00291.x 598 

Thuiller, W., 2004. Patterns and uncertainties of species’ range shifts under climate change. Glob. 599 

Chang. Biol. 10, 2020–2027. https://doi.org/10.1111/j.1365-2486.2004.00859.x 600 

Thurm, E.A., Uhl, E., Pretzsch, H., 2016. Mixture reduces climate sensitivity of Douglas-fir stem 601 

growth. For. Ecol. Manage. 376, 205– 220. https://doi.org/10.1016/j.foreco.2016.06.020 602 

Tognetti, R., Cherubini, P., Marchi, S., Raschi, A., 2007. Leaf traits and tree rings suggest different 603 

water-use and carbon assimilation strategies by two co-occurring Quercus species in a 604 

Mediterranean mixed-forest stand in Tuscany, Italy. Tree Physiol. 27, 1741– 1751. 605 

https://doi.org/10.1093/treephys/27.12.1741 606 

van der Maaten-Theunissen, M., van der Maaten, E., Bouriaud, O., 2015. PointRes: An R package 607 

to analyze pointer years and components of resilience. Dendrochronologia 35, 34–38. 608 

https://doi.org/10.1016/j.dendro.2015.05.006 609 

Vicente-Serrano, S.M., Tomas-Burguera, M., Beguería, S., Reig, F., Latorre, B., Peña-Gallardo, M., 610 

Luna, M.Y., Morata, A., González-Hidalgo, J.C., 2017. A high resolution dataset of drought 611 

indices for Spain. Data 2, 22. https://doi.org/10.3390/data2030022 612 



Vilà-Cabrera, A., Coll, L., Martínez-Vilalta, J., Retana, J., 2018. Forest management for adaptation 613 

to climate change in the Mediterranean basin: A synthesis of evidence. For. Ecol. Manage. 614 

407, 16– 22. https://doi.org/10.1016/j.foreco.2017.10.021 615 

Vila-Viçosa, C., Gonçalves, J., Honrado, J., Lomba, Â., Almeida, R.S., Vázquez, F.M., Garcia, C., 616 

2020. Late Quaternary range shifts of marcescent oaks unveil the dynamics of a major 617 

biogeographic transition in southern Europe. Sci. Rep. 10, 21598. 618 

https://doi.org/10.1038/s41598-020-78576-9 619 

Vodnik, D., Gričar, J., Lavrič, M., Ferlan, M., Hafner, P., Eler, K., 2019. Anatomical and 620 

physiological adjustments of pubescent oak (Quercus pubescens Willd.) from two adjacent sub-621 

Mediterranean ecosites. Environ. Exp. Bot. 165, 208–218. 622 

https://doi.org/10.1016/j.envexpbot.2019.06.010 623 

Wang, W.J., He, H.S., Thompson, F.R., Spetich, M.A., Fraser, J.S., 2018. Effects of species 624 

biological traits and environmental heterogeneity on simulated tree species distribution shifts 625 

under climate change. Sci. Total Environ. 634, 1214– 1221. 626 

https://doi.org/10.1016/j.scitotenv.2018.03.353 627 

Wargo, P.M., 1996. Consequences of environmental stress on oak: predisposition to pathogens. 628 

Ann. Sci. For. 53, 359- 368. https://doi.org/10.1051/forest:19960218 629 

Zang, C., Biondi, F., 2015. Treeclim: An R package for the numerical calibration of proxy-climate 630 

relationships. Ecography 38, 431–436. https://doi.org/10.1111/ecog.01335 631 


