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Abstract: Current climate change in the Mediterranean basin is associated to increasing frequency 
and intensity of droughts. This climate dryness entails a serious impact on drought-sensitive for-
ests, several of them considered as hot spots of biodiversity. Adaptive management, as experi-
mental thinning for stand structural diversity enhancement, may increase tree-level resources 
availability. However, the long-term stand-level effectiveness of this approach at sustaining forest 
ecosystem functioning remains uncertain. Here, we attempt to place experimental thinning in a 
climate change adaptation context, using as experimental system the drought-sensitive fir Abies 
pinsapo. We conducted a long-term study (2004–2019), focused on tree basal area increment (BAI) 
and quantified to what extent thinning treatments improved drought resistance, recovery and 
resilience to drought in the remaining trees. The results support a post-thinning (after 2004) BAI 
increase in thinned stands (+104% if 30% thinning of basal area was applied; +141% for 60% thin-
ning) compared to controls (+21%). Short-term growth resilience, estimated for an extreme drought 
occurred after thinning (2005), yielded higher resilience for thinned stands, throughout improved 
resistance, but similar recovery than control. However, extreme droughts observed thereafter (for 
instance in 2012) do not support a long-term increase in resilience. Growth resilience, estimated for 
wetter-than-average years showed similar short-term enhanced resilience in thinned stand, while 
these differences dispelled afterward. 
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1. Introduction 
The Mediterranean basin entails a complex mosaic of near-to-natural ecosystems, 

characterized by strong seasonality that drives two periods of growth limitation (winter 
and summer). These limiting factors are even more relevant for relict species, such as 
Abies pinsapo, an endemic and threatened fir species from southern Spain and northern 
Morocco. Relict species have suffered long-term isolation that led to a morphological 
differentiation and usually genetic drift [1,2]. Several studies indicate that, since the 
1970s, the frequency and intensity of drought periods increased, which have modified 
the hydrological cycle of the Mediterranean ecosystems and has led to a decline in 
productivity [3,4]. These studies also indicate that the relic forest ecosystems are among 
the most affected by ongoing climate change in the Mediterranean region, where climate 
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models forecast an even greater increase in the concurrence, intensity and duration of 
drought events throughout the 21st century [5,6]. 

In this situation, actions are required in order to apply management strategies that 
allow an improved adaptive capacity and higher survival rate of drought-sensitive trees. 
Among the different options discussed as suitable ecological applications to adaptive 
management, thinning for stand-canopy structural diversity enhancement has been re-
cently investigated, providing several evidences about its mitigating role, reducing the 
sensitivity of some forests ecosystem to extreme drought events [7]. 

2. Material and Methods 
This study was performed in 6 plots of Abies pinsapo forest located in Sierra de las 

Nieves Natural Park (Málaga, southern Spain, 36°44′N 4°59′W. The area is characterized 
by a predominance of calcareous brown soils [8]. This Mediterranean fir is regularly 
subjected to water deficit from June to September. The annual mean temperature is about 
11.6 °C, mean annual precipitation is about 1089 mm. However, a decrease from 1900 to 
present of 108.94 mm in annual precipitation has been reported for the area, along with 
an increase of 1.63 °C in mean annual temperature. To carry out this study, data on pre-
cipitation and average temperature for drier- and wetter-than-average years in the 20th 
century have been obtained using regional gridded data from CRU TS 3.0 [9]. 

In order to quantify the effect of the different thinning treatments, we randomly se-
lected 6 different plots in the area of study. To reduce confusion from environmental 
noise, all plots were located near to each other making sure that microclimatic and 
edaphic characters were similar [10]. Experimental thinning was designed and per-
formed in October 2004, attempting to enhance stand structure diversity by (1) reducing 
tree competition, (2) increasing the equitability of size classes (i.e. diversity) and (3) ran-
domizing tree spatial pattern [10]. We randomly selected three pairs of plots to which one 
of different thinning intensity treatments were applied: C, Control; T30%, for a thinning 
of 30% of tree basal area removed; and T60%, for a thinning of the 60%. Using dendro-
chronological data obtained in 2019 from controls and the remaining trees whiting the 
thinned plots, we obtained basal area increment (BAI) time series [10]. BAI data were 
related to climate in order to identify drier- and wetter-than-average years. Then, three 
tree-growth response indices (Resistance, Rt; Recovery, Rc and Resilience, Rs) were cal-
culated. These indices have been widely used to quantify forest growth responses to 
drought and wet periods [11,12]. The Resistance index (Rt) measures the capacity of the 
trees to absorb the effect of drought; this index is quantified by dividing the BAI in the 
extreme year and the mean of the 5 years before the extreme. The Recovery index (Rc) is 
quantified by dividing the mean BAI of the 5 years after the extreme year and the BAI in 
such extreme. The Resilience index (Rs) is the ratio between the mean BAI of the 5 years 
after the extreme and the mean BAI of the 5 years before [11–13]. 

3. Results and Discussion 
To calculate the values of Rt, Rc and Rs, four of the driest years (1983, 1995, 2005, and 

2012) and four of the wettest years (1996, 2000, 2006, and 2010) were studied to assess the 
short- and long-term effects of thinning. 

Our dendrochronological data support a similar age and similar pre-thinning BAI 
values among plots (Table 1). However, post-thinning BAI values presented significant 
differences in growth between treatments, with increases of approximately 21.7%, 104.3% 
and 141.6% in the Control, 30% and 60% thinning-intensity treatments, respectively. 
These results support that stand-structure diversification and competition release by 
thinning may be an effective management for drought-sensitive forests, as other studies 
indicated, suggesting an increase in water uptake and growth [7,10]. 
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Table 1. Values of mean tree age, pre- and post-thinning mean basal area increment (BAI pre, BAI post) and pre/post BAI 
% change for each treatment. 

Treatment AGE (yr) BAI Pre (cm2) BAI Post (cm2) % Change 
Control 58.2 3.16 3.85 21.76 

Thinning 30% 52.7 2.87 5.87 104.32  
Thinning 60% 50.9 3.82 9.22 141.59 

Regarding the analysis of the short-term growth response in extreme years, both dry 
(2005) and wet (2006), we observed a significant increase in the Rt values, in both 30% 
and 60% thinning plots, compared to the Control plots (Figure 1). Rc was similar among 
treatments, and therefore, the improved Rt led to higher Rs in the thinned plots. There-
after, successive drier- and wetter-than-average years (2012 and 2010 respectively) do not 
support this enhanced Rt, nor Rs in the thinned plots (Table 2, Figure 1). Our results 
suggest that thinning enhanced long-term BAI in the remaining trees within the thinned 
plots, as well as the short-term growth Rs, throughout improved Rt. However, enhanced 
long-term growth Rs to withstand extreme drought events was not observed. 
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Figure 1. Mean values of tree-growth resistance, recovery and resilience for pre-thinning dry (1983, 1995) and wet (1996, 
2000) years; and post-thinning dry (2005, 2012) and wet (2006, 2010) years. Vertical line indicates the thinning treatment 
(2004). Different letters indicate significant differences for ANOVA among Control (red), 30% (yellow) and 60% (green) 
thinning treatments for a given year. 

Table 2. Percentage of variation of resistance, recovery and resilience for each treatment. 

% of Variation after Treatment—Dry Years % of Variation after Treatment—Wet Years 
Plot Control Thinning 30% Thinning 60% Plot Control Thinning 30% Thinning 60% 

Resistance 7.13 46.89 46.91 Resistance −3.52 55.53 50.27 
Recovery −30.72 0.32 −38.67 Recovery 25.17 0.85 −2.78 
Resilience 22.21 97.93 −31.59 Resilience 13.78 74.05 49.30 
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