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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• We have little knowledge on drought 
impacts on mixed Mediterranean 
forests. 

• We analyzed Mediterranean mixed 
broadleaves forests affected by the 2017 
drought. 

• Most study stands showed a rapid 
growth recovery after drought. 

• In some sites, stand structural overshoot 
predisposed to drought damage. 

• Overshoot drought responses depend on 
historical pre-drought conditions.  
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A B S T R A C T   

Previous favorable climate conditions stimulate tree growth making some forests more vulnerable to hotter 
droughts. This so-called structural overshoot may contribute to forest dieback, but there is little evidence on its 
relative importance depending on site conditions and tree species because of limited field data. Here, we 
analyzed remote sensing (NDVI) and tree-ring width data to evaluate the impacts of the 2017 drought on canopy 
cover and growth in mixed Mediterranean forests (Fraxinus ornus, Quercus pubescens, Acer monspessulanum, Pinus 
pinaster) located in southern Italy. Legacy effects were assessed by calculating differences between observed and 
predicted basal area increment (BAI). Overall, the growth response of the study stands to the 2017 drought was 
contingent on site conditions and species characteristics. Most sites presented BAI and canopy cover reductions 
during the drought. Growth decline was followed by a quick recovery and positive legacy effects, particularly in 
the case of F. ornus. However, we found negative drought legacies in some species (e.g., Q. pubescens, 
A. monspessulanum) and sites. In those sites showing negative legacies, high growth rates prior to drought in 
response to previous wet winter-spring conditions may have predisposed trees to drought damage. Vice versa, the 
positive drought legacy found in some F. ornus site was linked to post-drought growth release due to Q. pubescens 
dieback and mortality. Therefore, we found evidences of structural drought overshoot, but it was restricted to 
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specific sites and species. Our findings highlight the importance of considering site settings such as stand 
composition, pre-drought conditions and different tree species when studying structural overshoot. Droughts 
contribute to modify the composition and dynamics in mixed forests.   

1. Introduction 

Warmer temperatures are increasing evaporative demand leading to 
more severe droughts and forest dieback worldwide (Allen et al., 2015; 
Choat et al., 2018). Therefore, it is crucial to assess the vulnerability of 
trees to drought and their recovery capacity. A low resilience could 
jeopardize some tree populations if the frequency and severity of 
droughts and heatwaves increase (Schwalm et al., 2017). Post-drought 
recovery informs on how trees are impacted by stress and how they 
recover, i.e. on their resilience (Lloret et al., 2011; Guada et al., 2016; 
Ingrisch and Bahn, 2018). For instance, partial post-drought recovery 
can lead to legacy or carryover effects often characterized by incomplete 
return to prior growth rates (Anderegg et al., 2015; Kannenberg et al., 
2020). Previous growth conditions can also influence drought legacies 
(Peltier and Ogle, 2019) and thus growth recovery after drought (Fritts, 
1976; Ogle et al., 2015; Camarero et al., 2018; Pretzsch, 2021). For 
example, recurrent mild drought stress may improve drought resistance 
through physiological adjustments or metabolic changes (Backhaus 
et al., 2014). Thus, environmental events (dry and wet years) over time 
drive growth responses to drought (Serra-Maluquer et al., 2021). 
Further, the recovery of forests after water shortages and warm condi
tions can be influenced by both pre- and post-drought climatic condi
tions (Sergent et al., 2014). 

Wet conditions after a drought can offset growth losses caused by 
previous dry conditions (Jiang et al., 2019), whereas favorable condi
tions that stimulate growth before a drought event could also predispose 
to dieback. In this context, a high aboveground biomass (high shoot-to- 
root ratio) due to favorable weather conditions, known as structural 
overshoot, may increase the risk of drought damage and exacerbate 
dieback (Jump et al., 2017). Temporal discrepancies between water 
availability and demand could potentially lead some stands to become 
overbuilt, leaving them susceptible to subsequent periods of dry and 
stressful conditions. However, there is still limited field evidence of the 
importance of structural overshoot as driver of drought responses in 
mixed forests with different site conditions and stand composition. 

Considering also that species mixing and thus biodiversity can 
moderate the impact of disturbances (Lloret et al., 2007; Pretzsch et al., 
2013; Bochenek et al., 2018), mixed forests may differently respond to 
drought as compared to pure stands (Camarero et al., 2021) by adopting 
different strategies. For example, the oak Quercus pubescens Willd. shows 
a high water use (anisohydric strategy) across its distribution area in 
central and southern Europe (Damesin and Rambal, 1995; Poyatos et al., 
2008); thus, severe droughts may expose this species to hydraulic 
collapse. However, the ash Fraxinus ornus L., which coexists with 
Q. pubescens in southern Europe, seems to have a relatively low water 
use (isohydric strategy) with rapid post-drought recovery making it 
more tolerant to severe droughts (Tomasella et al., 2019). Both oak and 
ash form ring-porous wood. In contrast, Mediterranean pines such as 
Pinus pinaster Ait. show a strong regulation of leaf water potential 
regardless of environmental conditions and close their stomata during 
drought making them prone to drought-induced dieback (Ripullone 
et al., 2007; Valeriano et al., 2021). Lastly, we also considered a minor 
hardwood species forming diffuse-porous wood, Acer monspessulanum 
L., a Mediterranean maple species found from southern Europe to 
western Asia, which is considered drought-tolerant and resistant to 
xylem cavitation (Tissier et al., 2004), and shows a growth performance 
similar to oaks in seasonally dry sites (Portoghesi et al., 2008). There is 
still very little knowledge on the responses to drought of minor hard
wood Mediterranean species, such as F. ornus and A. monspessulanum, 
despite their ecological and economic relevance. Both species provide 

resources such as wood and timber (Pignatti, 1982). The ash is also 
cultivated for the production of “manna”, the crystallised sap in the 
shape of tear drop, that is widely used in the pharmaceutical and food 
industries (Caudullo and De Rigo, 2016). Further, the ability to resprout 
after cutting makes this ash species also well adapted to grow in areas 
disturbed by drought, wildfires and browsing. This species shows a high 
resistance to drought and it is often considered a suitable species for 
warmer and drier climate scenarios (Kowarik, 2023). However, we still 
lack data on the ash capacity to replace widely distributed species such 
as oak after severe droughts. 

There is also little information on how site conditions can influence 
recovery in relation to factors such as soil depth and water retention 
capacity, slope, stand structure and composition, among others (Bréda 
et al., 2006; Ruehr et al., 2019). Indeed, different recovery rates among 
coexisting tree species or in sites with different quality affect post- 
disturbance forest resilience (Johnstone et al., 2016). Disturbances 
generate biological legacies that interact with soil properties such as 
water and nutrient availability (González de Andrés et al., 2022) and 
site-specific conditions mediate species responses to drought as has been 
shown in southern Europe (Rita et al., 2020). However, there is still a 
lack of information on recovery dynamics in different tree species under 
contrasting site conditions, considering pre- and post-drought 
conditions. 

In this study we analyzed the recovery trajectories after the severe 
2017 summer drought which strongly affected mixed Mediterranean 
forests in southern Italy (Italiano et al., 2023). We investigated six sites 
dominated by different tree species (F. ornus, Q. pubescens, 
A. monspessulanum and P. pinaster) showing differences in slope, aspect, 
elevation, soil and type of substrate (see also Coluzzi et al., 2020). This 
study was designed to identify differences in drought response among 
species co-occurring in mixed Mediterranean forests under contrasting 
site conditions. Achieving this aim is relevant to predict which species 
will better tolerate aridification and have better chance of establishing 
or replacing species with a low drought tolerance (cf. Batllori et al., 
2020). Our specific objectives were to quantify the impacts of drought 
on canopy cover and radial growth rates using remote sensing (NDVI, 
Normalized Different Vegetation Index) and tree-ring data, respectively, 
to evaluate the radial growth responses to climate variables (tempera
ture, precipitation and a drought index), and to quantify post-drought 
growth recovery and legacies. We hypothesize that high growth rates 
in trees before the drought, due to prior winter-spring wet conditions (i. 
e. structural overshoot), may increase vulnerability to drought damages 
and generate subsequent negative legacies linked to structural over
shoot, particularly in sites with higher productivity. 

In order to understand the phenomena that affected the study area 
before 2017, we also took into account two previous droughts which 
affected the forests of the study region (Basilicata, southern Italy) in 
2003 and 2012 (Gentilesca et al., 2017; Colangelo et al., 2017, 2018). 
Furthermore, to characterize the status of the stands canopies with 
respect to the 2017 drought, we used NDVI series, as this index allows us 
to detect the loss of canopy and green cover (Coluzzi et al., 2020). 

2. Materials and methods 

2.1. Study sites 

We selected six sites located in the Basilicata region (southern Italy, 
longitude 15.46–16.15◦ E, latitude 40.52–40.62◦ N), which were 
damaged by the 2017 severe summer drought (Fig. 1, Table 1). All 
selected sites are high, even-aged forests, except for the Palazzo site 
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(hereafter AP), where both high-forests and coppice are present. Here, 
former coppiced stands were converted to high-forests following the 
cessation of coppice management in recent decades. All the analyzed 
sites have experienced little or no management in the recent past. 

Study sites were identified because they showed visual symptoms of 
dieback following the 2017 drought. Damage symptoms included pre
mature leaf browning and shedding, canopy and shoot dieback and 
elevated tree mortality (see Italiano et al., 2023). Sites had different 
elevations (530–790 m a.s.l.), slopes (15–50 %), aspects (mainly N-NW 
but also S-SE at site Castelmezzano) and substrate or soil types (mainly 
sandstone but also limestone in Vietri di Potenza site and clay in Orto 
Siderio site, see Table 1). 

Climate conditions in each study site were characterized using short- 
term records (period 2006–2020) from nearby meteorological stations 
(Table S1). In the study area, warmest and driest conditions occur in 
July and August and coldest conditions in January and February, while 
March and November are the wettest months. 

The Accettura site (hereafter AP) has an average annual rainfall of 
734 mm and a mean annual temperature of 16 ◦C. The forest consists of 
Q. pubescens mixed with F. ornus managed as coppice. The Grotta del
l’Angelo site (hereafter GA) consists of broadleaves (F. ornus, Carpinus 
orientalis Mill, Quercus ilex L.) and conifer plantations (P. pinaster). The 
average annual rainfall is 889 mm and the mean annual temperature is 
13.0 ◦C. The Ortosiderio site (hereafter OS) is dominated by 
Q. pubescens, F. ornus, C. orientalis, Quercus cerris L. and Ostrya carpini
folia Scop. It has climatic conditions similar to site GA. Moreover, 
Q. pubescens dieback was very evident in several patches in site OS 
(Coluzzi et al., 2020). The Vietri di Potenza site (hereafter VP) is 
dominated by Q. pubescens and other broadleaves (A. monspessulanum, 
C. orientalis, Crataegus monogyna Jacq.). The average annual rainfall is 
943 mm and the average annual temperature is 14.5 ◦C. The Pie
trapertosa site (hereafter PI) is dominated by Q. pubescens, F. ornus, 
O. carpinifolia, C. orientalis and Pistacia terebinthus L. The average annual 
rainfall is 671 mm and the average annual temperature is 12.7 ◦C. Lastly, 
the Castelmezzano site (hereafter CA) consists of Q. pubescens, F. ornus, 

A. monspessulanum, Cornus mas L. and P. terebinthus. Climate conditions 
are as at site PI (see Table 1). 

2.2. Climate data, soil moisture and drought index 

Long-term monthly or seasonal climate data (mean temperature, 
total precipitation) were obtained for the period 1950–2021 (Figs. S1 
and S2). They corresponded to the 0.5◦-gridded E-OBS ver. 22.0 climate 
dataset, which has been subjected to quality and homogeneity tests 
(Cornes et al., 2018). We selected this dataset because it provides long- 
term regional climate records, allowing us to perform climate-growth 
correlations analysis with respect to the time span (50–60 years), 
whereas local climate stations records are short (10–20 years) and often 
heterogeneous. 

Changes in drought severity were evaluated by using the Standard
ized Precipitation Evapotranspiration Index (SPEI) which was down
loaded from the Global Drought Monitor webpage (http://spei.csic.es/i 
ndex.html) at 0.5◦ resolution. The SPEI is a multiscalar drought index 
that considers effects of temperature and evapotranspiration on water 
availability with negative and positive values corresponding to dry and 
wet conditions, respectively (Vicente-Serrano et al., 2010). We obtained 
3-, 6- and 12-month long SPEI values to assess drought severity at 
different temporal resolutions (Fig. S3). Looking at the SPEI variability, 
it is possible to appreciate the three considered droughts (2003, 2012 
and 2017) and the greater severity of the 2017 drought (Fig. S3). 

Gridded (0.1◦ resolution), monthly soil moisture data at 0–10 cm 
depth were also obtained for the period 1992–2018 based on land sur
face model simulations with observations-based forcing (precipitation 
data) (Rodell et al., 2004). To better characterize the drought under 
study (2017), we also obtained daily data (period 2012–2020) of rela
tive humidity from meteorological stations located near the study sites 
(Table S1, Fig. S4). 

Fig. 1. Map showing the location of the six study sites in the Basilicata region (southern Italy) and images showing impacts of the 2017 summer drought (brown 
crowns, leaf shedding) in the six study sites. Site name abbreviations: AP, Accettura Palazzo; GA, Grotta dell’Angelo; OS, Ortosiderio; VP, Vietri di Potenza; PI, 
Pietrapertosa; CA, Castelmezzano. 
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2.3. Field sampling 

At each site, an area of 5000 m2 (circular in shape) was identified, 
representative of the entire stand in which we randomly sampled at least 
15 dominant trees for each of the two most abundant species; thus, 30 
trees per site, for a total of 180 trees were analyzed. The choice of 
selecting only dominant individuals instead of sampling all trees within 
the plot including sub-dominant individuals is justified because these 
latter being already weakened by the competition with dominant trees 
may be more sensitive to climatic stresses overestimating/under
estimating drought impacts. Dominant trees are less affected by 
competition for light, nutrients and water than sub-dominant trees 
which are suppressed by their neighbors. For each tree, the diameter of 
the breast height (dbh) was measured twice in perpendicular at 1.3 m 
with a caliper, and the percentage of living or dead trees and the per
centage of defoliation (crown transparency > 50 % or <50 %) in each 
representative area (5000 m2) was also assessed (Dobbertin, 2005; 
Camarero et al., 2016) (Table 2). 

2.4. Tree-ring data processing 

Sampling was carried out, at the end of the 2021 growing season, by 
randomly selecting dominant trees. We took two cores from each tree at 
1.3 m using a Pressler increment borer. Cores were dried and then 
smoothed with a slide microtome. In this way, the ring boundaries can 
be clearly distinguished (Gärtner and Nievergelt, 2010). All cores were 
visually cross-dated under a binocular microscope by assigning char
acteristic rings (Fritts, 1976). The ring widths were measured to the 
nearest 0.01 mm using the LINTAB 6-TSAPWin software (Rinntech, 
Heidelberg, Germany). The age at 1.3 m of each tree was estimated by 
counting the number of rings from bark to pith. Subsequently, the visual 
cross-dating of tree-ring series was checked by calculating moving cor
relations between the individual series and the mean series for each 
species at each site using the COFECHA software (Holmes, 1983), (see 
Table 3). 

To assess the growth trend over time of the analyzed forest stands, 
we calculated the basal area increment (BAI) assuming a circular shape 
of stems. The individual ring-width series were transformed into BAI 
series corresponding to two-dimensional measures of stem area incre
ment, which better reflects the growth of the entire tree than the one- 
dimensional series of tree-ring width. This was done using the formula: 

BAI = π
(
R2

t − R2
t− 1

)
(1)  

where R2
t and R2

t-1 are the radii corresponding to the current (t) and prior 
(t-1) years, respectively. 

To remove the BAI trends, the individual BAI series were detrended 
by fitting cubic smooth splines with a length of 67 % of the series using 
the ARSTAN software ver. 49 (Cook et al., 2017). Afterwards, an 
autoregressive model was applied to each detrended series to remove 
the first-order autocorrelation. This obtained residual or pre-whitened 
BAI series. Mean detrended BAI series were obtained by using bi- 
weight robust averages of detrended individual BAI series within each 

site and species (n = 12 series). These mean series or chronologies were 
used in further analyses considering the common, best-replicated 
1980–2020 period. We used detrended BAI data for climate-growth re
lationships. Further, by detrending but keeping first-order autocorrela
tion the year-to-year drought impacts are highlighted. Legacy effects 
were assessed by subtracting observed from predicted BAI values 
calculated by removing the effects of post-drought climate conditions 
(Anderegg et al., 2015). In addition, the diameter annual increment was 
retrospectively calculated for each tree from ring-width measurements 
assuming non-eccentricity tree stems. 

2.5. Characterizing impacts of drought using remote sensing data 

We used the NDVI at a resolution of 10 m × 10 m to estimate canopy 
cover changes in each site and detect the impacts of the 2017 drought 
(Tucker and Sellers, 1986). The NDVI was obtained using Sentinel-2 
products, already used to monitor the effects of drought on the stud
ied stands (Coluzzi et al., 2020). The NDVI values were obtained from 
Google Earth Engine (https://developers.google.com/earth 
-engine/datasets/catalog/COPERNICUS_S2). The NDVI data were 
checked to exclude outliers (due to cloudiness). For each of the 6 
analyzed stands, a polygon of 5000 m2 was located in the middle of each 
stand to obtain mean monthly NDVI values during the growing season 
(April–September) and from 2016 to 2018. Finally, we calculated the 
ratios between the NDVI values measured in 2017 and 2016 (NDVI2017/ 
NDVI2016) and between those measured in 2018 and 2017 (NDVI2018/ 
NDVI2017) (see Table 1). 

2.6. Correlations of growth indices with climate variables, soil moisture 
and the drought index 

To evaluate growth responses to climate variability and drought 
severity we calculated Pearson correlation coefficients between 
detrended mean BAI series, monthly climate data (mean temperature 
and precipitation) and the SPEI (using 3-, 6- and 12-month temporal 
scales). Correlations were calculated from previous October to current 
September to account for lagged effects of prior climate conditions on 
tree growth. In the case of soil moisture, correlations were calculated for 
the same temporal window but considering the period 1992–2018. We 
considered the 0.05 and 0.01 significance levels in these analyses. 

Climate, SPEI and humidity data have coarse spatial resolutions 
(0.1–0.5◦), thereby precluding the possibility of making a detailed 
distinction of microclimatic conditions at each site. We are aware that 
different sites may exhibit varied elevation and exposure characteristics 
that could impact their respective microclimate conditions and drought 
impacts on trees. However, for the selected sites there are no other long- 
term climate data available that can provide information on a small 
scale, and the data from nearby weather stations do not have long and 
robust time series. 

Table 1 
Characteristics of the six sites studied in the Basilicata region, southern Italy. The temperature and precipitation values come from the records of the local meteo
rological stations (Table S1). MAT and TAP are the annual average and total annuals of temperature and precipitation, respectively, for each site.  

Site Longitude E 
(◦) 

Latitude N 
(◦) 

Elevation (m a.s. 
l.) 

Slope 
(%) 

Aspect Substrate MAT 
(◦C) 

TAP 
(mm) 

Rainfall in 2017 compared to the 
average (%) 

Accettura Palazzo 
(AP)  

16.148  40.516  790  15 W Sandstone  16  734  − 25 

Grotta dell’Angelo 
(GA)  

15.558  40.570  760  30 N-NW Clay  13  889  − 29 

Ortosiderio (OS)  15.546  40.573  600  35 N-NW Clay  13  889  − 29 
Vietri di Potenza (VP)  15.460  40.617  530  30 NW Limestone  14,5  943  − 35 
Pietrapertosa (PI)  16.058  40.533  625  35 N-NW Sandstone  12,7  671  − 18 
Castellmezzano (CA)  16.054  40.534  665  50 S-SE Sandstone  12,7  671  − 18  
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2.7. Growth resilience indices 

To analyze post-drought growth recovery after selected dry years 
(2003, 2012 and 2017; see Fig. S3) we used the resilience indices pro
posed by Lloret et al. (2011): resistance (hereafter Rt), recovery (here
after Rc), resilience (hereafter Rs), relative resilience (hereafter Rr) and 
impact (hereafter I). By considering mean BAI values before (PreDr), 
during (Dr) and after (PostDr) the drought, resilience indices were 
calculated as follows: 

Rt = Dr/PreDr (2)  

Rc = PostDr/Dr (3)  

Rs = PostDr/PreDr (4)  

Rr = (PostDr − Dr)/PreDr (5)  

I = (PreDr − Dr)/PreDr (6) 

We chose three-year intervals to calculate these indices since legacy 
effects have been shown to be strong one-three years after drought 

(Anderegg et al., 2015). We also calculated resilience indices using one- 
year intervals and compared them with three-year indices (Schwarz 
et al., 2020). The resilience indices are defined as follows: Rt is the 
ability to resist growth reduction during the disturbance episode, i.e. the 
lower the value Rt < 1, the lower the resistance; Rc is the increase in 
growth compared to the minimum growth during the stress episode, Rc 
< 1 indicates growth decline and Rc > 1 indicates recovery; Rs is the 
ability to reach pre-episode growth levels; Rs ≥ 1 indicates full recovery, 
whereas Rs < 1 indicates a decline in growth and low resilience; Rr is the 
resilience weighted by the damage suffered during the episode, and the 
closer this value is to 1 (0), the greater (lower) the relative resilience; 
finally, the closer the I value is to 1 the greater the impact suffered, while 
the closer the I value is to 0 the less impact suffered. 

2.8. Statistical analyses 

We used Mann-Kendall trend tests to assess if there were significant 
(p < 0.05) trends in climate data at seasonal resolution. Pearson and 
Spearman correlations were used to quantify relationships in the case of 
variables following or not following the normal distribution, respec
tively. Mann-Whitney tests were used to compare resilience indices 

Table 2 
Characteristics of the six study sites, located in the Basilicata region, southern Italy. Stem diameter values (dbh) are means ± SD. The remote sensing indices are the 
ratio of the NDVI value pre and during the disturbance to the ratio post and during the disturbance. The first two letters represent the abbreviations of each site (AP, 
Accettura Palazzo; GA, Grotta dell’Angelo; OS, Ortosiderio; VP, Vietri di Potenza; PI, Pietrapertosa and CA, Castelmezzano); while the last two letters represent the 
abbreviations of the tree species analyzed at each site (FO, Fraxinus ornus; QP, Quercus pubescens; AM, Acer monspessulanum and PP, Pinus pinaster).  

Code Site Sampled species Species abundance 
(%) 

Age 
(years) 

Dbh 
(cm) 

Dead trees 
(%) 

Tres with severe crown 
defoliation (%) 

NDVI2017/ 
NDVI2016 

NDVI2018/ 
NDVI2017 

APFO AP Fraxinus ornus  27.5  56 16.1 ±
3.8  

0  0  1.178  0.887 

APQP Quercus pubescens  72.5  66 18.9 ±
6.6  

0  45 

GAFO GA Fraxinus ornus  43.0  35 13.3 ±
3.2  

0  0  1.064  0.940 

GAPP Pinus pinaster  57.0  33 33.1 ±
5.5  

18  24 

OSFO OS Fraxinus ornus  44.0  42 9.0 ±
3.2  

0  7  1.049  0.900 

OSQP Quercus pubescens  56.0  65 17.9 ±
6.8  

61  89 

VPAM VP Acer 
monspessulanum  

61.0  30 19.4 ±
5.8  

0  64  0.939  1.116 

VPQP Quercus pubescens  39.0  45 22.2 ±
6.7  

0  43 

PIFO PI Fraxinus ornus  19.0  58 7.1 ±
0.7  

0  0  0.963  0.821 

PIQP Quercus pubescens  81.0  47 14.5 ±
5.1  

11  45 

CAFO CA Fraxinus ornus  66.0  43 8.3 ±
2.4  

3  10  0.897  0.943 

CAQP Quercus pubescens  34.0  50 16.2 ±
6.5  

19  84  

Table 3 
Growth data of the analyzed study sites located in the Basilicata region, southern Italy. Basal area increment (BAI) was calculated for the common period 1980–2020 
(BAI values are means ± SE). Abbreviations: SD, standard deviation; AR1, first-order autocorrelation; MS, mean sensitivity. See sites’ codes in Table 1.  

Site Species Code Interval Tree-ring width (mm) SD (mm) AR1 MS Correlation between growth series BAI (cm2 yr− 1) 

AP FO APFO 1938–2021  1.03  0.50  0.62  0.31  0.55 3.28 ± 0.11 
QP APQP 1931–2021  1.14  0.63  0.72  0.26  0.66 4.22 ± 0.20 

GA FO GAFO 1977–2021  1.65  0.66  0.61  0.29  0.57 3.71 ± 0.30 
PP GAPP 1983–2021  3.11  1.80  0.83  0.23  0.68 23.68 ± 1.31 

OS FO OSFO 1958–2021  0.76  0.40  0.61  0.31  0.48 1.20 ± 0.11 
QP OSQP 1940–2021  1.20  0.57  0.71  0.22  0.53 5.84 ± 0.19 

VP AM VPAM 1976–2021  2.19  0.83  0.46  0.33  0.54 7.60 ± 0.48 
QP VPQP 1966–2021  1.90  1.00  0.66  0.32  0.71 8.18 ± 0.42 

PI FO PIFO 1953–2021  0.82  0.48  0.66  0.33  0.58 1.35 ± 0.08 
QP PIQP 1951–2021  1.07  0.80  0.73  0.36  0.65 2.90 ± 0.18 

CA FO CAFO 1969–2021  0.93  0.45  0.61  0.30  0.55 1.95 ± 0.08 
QP CAQP 1968–2021  1.50  1.13  0.86  0.27  0.63 5.47 ± 0.30  
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among sites, species and droughts. 
We used linear mixed models (LMMs; Pinheiro and Bates, 2000) to 

model (log-transformed) BAI or resilience indices (Rt, Rc, Rs, Rr). BAI 
was modeled as a function of: species, tree dbh, calendar year, BAI of the 
previous year, drought severity (6-month SPEI); and tree was considered 
the random factor. The 2017 resilience indices were modeled as a 
function of: tree age and dbh, 2003 and 2012 resilience indices; in this 
case, the IDs of the trees of each species at each site were regarded as 
random factors. 

We considered random effects in the models and quantified intra- 
class correlation coefficient (ICC) accounted by each factor, which al
lows assessing how much of the overall variation in the response vari
able is explained by grouping random effects, with higher values 
corresponding to greater between-group variability. Variances were 
estimated using restricted maximum likelihood (REML) methods. We 
also calculated the proportion of variance explained by fixed and by 
fixed plus random terms, which corresponded to the marginal (R2m) and 
conditional R2 (R2c) values, respectively (Nakagawa et al., 2017). These 

Fig. 2. Basal area increment (BAI) measured in the study sites (AP, Accettura Palazzo; GA, Grotta dell’Angelo; OS, Ortosiderio; VP, Vietri di Potenza; PI, Pie
trapertosa and CA, Castelmezzano; located in the Basilicata region, southern Italy) for each species analyzed (values are means ± SE). The vertical grey lines indicate 
the 2017 drought. 
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were obtained using the r.squared GLMM function in the MuMIn pack
age (Barton, 2022). Finally, a residual diagnosis was performed to check 
model assumptions, namely normality and homoscedasticity of re
siduals. LMMs’ parameters were estimated using the lme4 R library 
(Bates et al., 2015). All statistical analyses were carried out with R (R 
Core Team, 2022). 

3. Results 

3.1. Climate trends and drought severity in 2017 

Maximum and minimum temperatures, and also spring precipitation 
increased in the study area from 1950 to 2020 (Figs. S1 and S2). The 
SPEI values showed three major recent droughts occurring in 2003, 
2012 and 2017, although drought severity peaked in 2017 (Fig. S3). The 
low relative air humidity values confirmed the elevated evaporative 
demand experienced by vegetation during 2012 and 2017 summers 
(Fig. S4). The 2017 drought was preceded by high winter-to-spring 
precipitation in the late 2000s and early 2010s. 

3.2. Crown defoliation and growth patterns 

Site crown defoliation varied from 0 to 90 % with OS and CA sites 
reaching the maximum defoliation percentages (Table 2). In almost all 
sites, Q. pubescens was the most affected species displaying the 
maximum defoliation values, while F. ornus showed lower values. 

The tree-ring widths and BAI ranged 0.8–3.1 mm and 1.2–23.7 cm2 

yr− 1, respectively (Table 3). Minimum and maximum growth rates 
corresponded to F. ornus (site OS) and P. pinaster (site GA), respectively. 
Q. pubescens showed the highest first-order autocorrelation (site CA) and 
mean sensitivity (site PI) values, while A. monspessulanum presented the 
lowest autocorrelation (site VP). The mean correlation between the in
dividual series and their corresponding mean site series ranged between 
0.5 (site OS, F. ornus) and 0.7 (site VP, Q. pubescens) indicating a reliable 
cross-dating (Table 3). 

Most sites presented a BAI reduction during the 2017 drought, but 
there were exceptions to this pattern such as F. ornus and Q. pubescens at 
site AP (Fig. 2). Here, both species showed a growth reduction in 2018. 
In the case of F. ornus at site GA, the 2017 growth drop was preceded by 
low BAI values in 2015 and 2016. Growth recovery after 2017 was 
evident in several sites such as GA, OS, VP, PI and CA, particularly in the 
case of F. ornus. A growth release was evident for F. ornus at site OS since 
BAI in the period 2018–2020 increased three times as compared with 
BAI in 2017. However, in the case of Q. pubescens from site CA growth 
declined after 2017. In general, growth reductions were also observed 
during the 2003 and 2012 droughts. In contrast, growth increases during 
the early 2010s occurred in some species and sites (F. ornus at site GA, 
Q. pubescens at site OS, A. monspessulanum at site VP). 

3.3. Growth responses to climate variables 

Warm and dry spring conditions were associated with lower growth 
rates of F. ornus (Fig. S10). However, there were exceptions with some 
sites where growth positively responded to wet prior-winter conditions 
(site PI) or cool current spring (site AP) conditions. The growth of 
Q. pubescens was favoured by wet and warm winter-spring conditions. 
However, in site OS, cold conditions during the previous autumn 
enhanced of Q. pubescens. In the case of A. monspessulanum, growth 
increased as rainfall increased from the previous winter to the current 
summer and also in response to low summer temperatures. A warmer 
winter and cool spring also favoured the growth of P. pinaster, which also 
benefited from late summer rains. 

3.4. Growth responses to drought and soil moisture 

Growth significantly increased as drought severity decreased in most 

sites and species, excepting F. ornus and Q. pubescens at site AP (Fig. 3). 
Another exception is F. ornus at the OS site, which showed a significant 
negative correlation from October to April with the 12-month SPEI. 

The highest correlations were found from May to July considering 3- 
month SPEI values in the case of A. monspessulanum, P. pinaster, F. ornus 
at site OS (July only), and F. ornus and Q. pubescens (for oak only July) at 
site CA. However, more consistent growth-drought associations were 
found in the other sites showing responses to drought considering either 
6- (Q. pubescens in OS site, F. ornus and Q. pubescens in PI site) or 12- 
month (Q. pubescens in VP site) SPEI values. 

The highest correlations between growth and soil moisture were 
found in May and June (Fig. S11), and peaked in the case of Q. pubescens 
at sites VP and PI and F. ornus at site PI. The geographic influence of the 
relationships between growth and soil moisture in responsive species 
and sites (Q. pubescens at site VP) was broad, as showed the significant 
spatial correlations found across southern Italy (Fig. S5). 

3.5. Growth and NDVI resilience indices 

The resilience indices based on three-year periods (Fig. 4) were 

Fig. 3. Drought-growth relationships (Pearson coefficients) calculated for the 
study sites and species (located in the Basilicata region, southern Italy) 
considering 3- (SPEI3), 6- (SPEI6) and 12-month (SPEI12) long SPEI values. The 
window of analyses was from prior October to current September. Months of 
the previous year are abbreviated by lowercase letters. Dashed and dotted 
horizontal lines show the 0.05 and 0.01 significance levels, respectively. 
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Fig. 4. Resilience indices, for each site and species analyzed (Basilicata region, southern Italy), obtained using basal area increment values for periods of 3-years 
before, during and 3-years after, each drought year considered (2003, 2012 and 2017). Values are means ± SE. The abbreviations of the resilience indices are: 
Rt, resilience (inverted triangles); Rc, recovery (triangles); Rs, resilience (dots); Rr, relative resilience (squares); I, impact (rhombuses). See the comparisons in 
Tables S2 and S3. 
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similar to those obtained based on one-year long periods (Fig. S6). 
Therefore, here we report results based on three-year periods. At sites 
GA and OS, and F. ornus presented very high recovery indices after the 
2017 drought, followed by P. pinaster at site GA (Fig. 4, Table S2). 
Resistance after 2017 was lower than in the other two droughts. The 
post-2017 resilience was high in F. ornus from site OS illustrating the 
effect of the post-drought growth release (Figs. 2 and 4). However, the 
resilience and relative resilience after 2017 tended to be lower than after 
the 2003 and 2012 droughts, whereas the impact tended to increase. 

Considering the comparisons of resilience indices among coexisting 
species, Q. pubescens showed higher resilience after 2017 than F. ornus at 
sites AP and VP, but lower recovery at sites OS and CA (Table S3). 
Relative resilience and impact were usually higher in F. ornus. Consid
ering the NDVI responses to the 2017 drought, the lowest resistance 
values (NDVI2017/NDVI2016) were observed at sites CA, PI and VP, while 
the highest recovery values (NDVI2018/NDVI2017) were found at sites 
GA, VP and CA (Table 1). 

3.6. Modeling post-drought recovery and legacies 

Regarding the 2017 resilience indices, models were able to explain a 
low amount of variance as function of fixed factors, ranging between 2 % 
(recovery, relative resilience) and 8 % (resistance) (Table S4). Tree dbh 
was negatively associated to resistance after 2017, whereas the resil
ience in 2017 was negatively related to 2012 resilience (Fig. S7). Tree 
age at 1.3 m was negatively associated to the impacts after 2003 and 
2017 droughts (Fig. S8). In contrast, BAI models resulted in robust fits 
(Fig. S9, Tables 4 and S5). BAI depended on prior growth, tree species 
and tree dbh. The fixed factors accounted for 12 % (site VP) to 42 % (site 
GA) of the total BAI variance, showing that random effects accounted for 
most growth variability. 

Negative legacy effects lasting two years were found at sites VP 
(Q. pubescens and A. monspessulanum) and GA (only in P. pinaster) 
(Fig. 5). Positive and high BAI residuals during 2017, suggesting no 
negative impact of the 2017 drought on growth, were found for F. ornus 
at site AP and Q. pubescens at site CA. Lastly, slight positive legacy effects 
were observed in the case of F. ornus at sites OS and AP, and Q. pubescens 

at sites PI and CA. In addition, GA and VP sites exhibited negative 
drought legacies (Fig. 5). These effects were stronger at site VP, 
particularly in the case of A. monspessulanum, which also showed higher 
crown defoliation than Q. pubescens (Table 2). In site GA, a negative 
legacy was found for P. pinaster, which showed higher crown defoliation 
(24 %) than the co-occurring F. ornus (0 %). 

4. Discussion 

4.1. Responses to drought: structural overshoot and legacy effects 

In general, consistent negative growth responses to drought were 
found when considering mid or long-term droughts (6- to 12-month SPEI 
values) for most sites and species. The highest correlations between 
growth and soil moisture were found in late spring and early summer, 
peaking in the case of Q. pubescens and F. ornus at site PI. 

In most study sites and species, the 2017 drought was followed by a 
fast recovery and positive legacy effects. This finding confirms the 
Mediterranean forests tendency to recover after extreme drought events 
and is consistent with previous studies (Gazol et al., 2018). 

We also contributed to explain forest vulnerability to drought by 
considering structural overshoot, which may be a key characteristic of 
productive mixed Mediterranean forests subjected to a high year-to-year 
precipitation variability. We found support for our hypothesis of a sig
nificant legacy effect in the extreme 2017 drought that mainly affected 
two sites (GA and VP) and, in particular, P. pinaster and 
A. monspessulanum. The lack of shared legacy effects during the 2017 
drought could be attributed to variations in drought tolerance among 
coexisting tree species. Certainly, being P. pinaster a planted and non- 
native species it could be more negatively affected by drought than 
native species such as F. ornus (Camarero et al., 2021). Furthermore, 
P. pinaster roots show a decrease in the concentration of non-structural 
carbohydrates under drought, indicating the depletion of carbon pools 
(Jacquet et al., 2014). 

Fraxinus ornus showed a remarkable recovery not only in comparison 
to P. pinaster, but also compared to Q. pubescens. This ash species also 
showed the lowest crown defoliation (ranging 0–10 %), further 

Table 4 
Summary statistics (factor; SE, standard error) of linear mixed models fitted to basal area increment (BAI) measured in the six study sites (Basilicata region, southern 
Italy). Models were fitted as a function of tree species (Spp), calendar year, BAI of the previous year (BAIt-1), diameter at breast height (dbh), and 6-month SPEI (spei6). 
Species’ abbreviations: QP, Quercus pubescens; FO, Fraxinus ornus; PP, Pinus pinaster; AM, Acer monspessulanum. Tree ID is the random term. The last line shows the 
proportion of variance explained by fixed (R2m) and by fixed plus random terms (R2c). Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.  

Variables Study sites 

Accettura Palazzo (AP) Grotta dell’Angelo (GA) Ortosiderio (OS) Vietri di Potenza (VP) Pietrapertosa (PI) Castelmezzano (CM) 

Factor SE Factor SE Factor SE Factor SE Factor SE Factor SE 

Intercept 0.34 0.28 1.00 *** 0.22 2.83 *** 0.51 0.28 0.19 0.70 0.37 1.08 ** 0.34 
Spp [QP] − 0.78 0.42   − 3.14 *** 0.73 0.39 *** 0.03 − 1.11 * 0.54 − 1.97 *** 0.51 
Year − 0.23 *** 0.05 − 0.34 *** 0.05 − 0.32 *** 0.05 − 0.16 ** 0.05 0.40 *** 0.03 − 0.44 *** 0.06 
BAIt-1 0.36 *** 0.03 0.39 *** 0.03 0.33 *** 0.03 − 0.32 0.27 − 0.21 *** 0.05 0.38 *** 0.03 
Spp [FO] * dbh 0.77 *** 0.22 1.63 *** 0.25 3.46 *** 0.63   1.05 ** 0.38 1.53 *** 0.40 
Spp [QP] * dbh 1.15 *** 0.22   1.51 * 0.60 0.69 ** 0.26 1.43 *** 0.37 2.05 *** 0.40 
Spp [FO] * spei6 0.02 0.02 0.05 ** 0.02 0.02 0.01   0.05 * 0.03 0.03 0.02 
Spp [QP] * spei6 0.03 0.02   0.04 ** 0.01 0.06 ** 0.02 0.09 *** 0.02 0.07 *** 0.02 
Spp [PP]   − 0.77 * 0.33         
Spp [PP] * dbh   0.56 ** 0.20         
Spp [PP] * spei6   0.07 *** 0.02         
Spp [AM] * dbh       0.51 * 0.24     
Spp [AM] * spei6       0.10 *** 0.03      

Random effects 
σ2 0.09 0.10 0.10 0.14 0.15 0.11 
τ00 2.20Tree 1.15Tree 5.70Tree 2.11Tree 2.22Tree 3.68Tree 

τ11 0.01Tree.dbh 0.00Tree.dbh 0.09Tree.dbh 0.01Tree.dbh 0.03Tree.dbh 0.03Tree.dbh 

ρ01 − 0.92Tree − 0.89Tree − 0.85Tree − 0.94Tree − 0.87Tree − 0.93Tree 

ICC 0.96 0.92 0.98 0.94 0.94 0.97 
Observations 869 820 843 780 835 867 
R2m/R2c 0.14/0.96 0.42/0.95 0.28/0.98 0.12/0.94 0.23/0.95 0.24/0.97  
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confirming its resistance to drought. In addition, F. ornus is a species that 
shows good control of reserves for rapid post-drought recovery (Toma
sella et al., 2019), and it allocates relatively more carbon to leaf biomass 
and conductive phloem under water shortage conditions (Kiorapostolou 
et al., 2019). These traits can provide this species a high post-drought 
resilience. 

In the second site where more negative drought legacies were 
observed (site VP), the two coexisting species (A. monspessulanum, 
Q. pubescens) are drought-tolerant, so in terms of resilience indices they 
behaved similarly. However, A. monspessulanum was more affected by 
the drought, bringing with it negative legacies in the two years following 
the drought (see Fig. 5), compared to the anisohydric Q. pubescens 
(Damesin and Rambal, 1995; Poyatos et al., 2008), which probably gave 
it a small extra advantage with negative legacies evident only in the year 
following 2017. Globally, oaks exhibit a fast post-drought recovery 
(Anderegg et al., 2015), which could be explained by their ability to 
compensate for the loss of hydraulic conductivity by forming new 
earlywood, wide vessels (Cavender-Bares and Holbrook, 2001). 

The fact that drought legacies were observed in planted (P. pinaster) 
and natural (A. monspessulanum) stands suggests that their different 
structure did not explain their responses to drought, but this should be 
validated by comparing different stand structures of each species. 

Overall, the GA and VP sites illustrate how the structural overshoot 
amplified drought damage after 2017 and contributed to negative leg
acies, as trees showed high pre-drought growth rates in response to wet 
winter-spring conditions. Thus, the damage was conditioned by previous 
moisture conditions that led to overbuilt stands. Our findings may be 
very important given how widespread forest dieback phenomena are 
(Allen et al., 2015). For instance, a recent global study estimated that 
structural overshoot contributed to exacerbate negative impacts in 
about 11 % of drought events in the period 1981–2015 (Zhang et al., 
2021). Further research should also consider how forest composition 
and structure determine structural overshoot and post-drought legacies 
(Yu et al., 2022). We are aware that the legacy effects of the 2017 
drought, calculated as differences between observed and predicted basal 
area increment (BAI), may be partially influenced by the low explained 
variance from some models for certain study sites, which could affect the 
predicted values of BAI. 

However, we cannot exclude that impacts observed in response to 
the 2017 droughts were caused by other drivers not included in our 
analyses (i.e., stand basal area and density, competition, aboveground 
biomass, etc.). Even if this is the case, the choice of sampling only 
dominant individuals probably reduced likely risks due to competition 
that are more relevant in sub-dominant and suppressed trees, which may 

Fig. 5. Difference between observed and predicted BAI (cm2), from the year 2017 to the year 2020, to show the legacy effects of the 2017 drought, for the four study 
species (FO, Fraxinus ornus; QP, Quercus pubescens; AM, Acer monspessulanum and PP, Pinus pinaster) and for each of the six sites analyzed (AP, Accettura Palazzo; GA, 
Grotta dell’Angelo; OS, Ortosiderio; VP, Vietri di Potenza; PI, Pietrapertosa and CA, Castelmezzano) in the Basilicata Region, Southern Italy. 
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overestimate/underestimate the drought impact. In fact, drought effects 
can be linked to whole stand water usage and not only to individual tree 
overshoot. Furthermore, mixed stands have greater resistance and 
resilience to drought events than pure stands, but the beneficial effect of 
species mixing cannot be generalized because it is strongly modulated 
by the type of mixing and the identity of the tree species (Pardos et al., 
2021). Our findings also show that the characteristics of the site must 
also be considered when assessing drought resilience. 

4.2. Site characteristics and species features 

The negative growth responses to the 2017 drought were contingent 
on site conditions (slope, soil, exposure) and species characteristics. For 
instance, the F. ornus growth release observed in the OS site may be 
explained by the elevated Q. pubescens dieback (Table 2), which could 
have reduced competition for soil water and nutrients favouring 
F. ornus. A long-term legacy with a slow recovery in Q. pubescens 
compared to F. ornus could be also due to differences in structural 
damage after drought constraining the regrowth of damaged tissues 
(Gessler et al., 2020). Such repair and regrowth of lost or damaged tis
sues can exacerbate the depletion of non-structural carbon (Ouyang 
et al., 2021). In some study stands (e.g., the OS site), a progressive 
replacement of Q. pubescens by F. ornus could occur if more severe 
droughts occur. Indeed, increasing aridity is accelerating the shift of 
forest composition towards communities dominated by drought resis
tant species at a global scale (Batllori et al., 2020). In contrast, the in
crease in growth observed in Q. pubescens at some sites such as AP could 
be explained by the formation of most of the growth ring before the 
onset of summer drought. The different timing of radial growth and 
drought influences growth recovery (Camarero et al., 2015; Huang et al., 
2018; van Kampen et al., 2022). In addition, Q. pubescens could have 
relied on non-structural carbohydrates stored in previous years to form 
the 2017 growth ring (Colangelo et al., 2017). This could explain why 
Q. pubescens showed a greater resistance than F. ornus to the 2017 
drought. Moreover, AP is the warmest site where trees may be already 
adapted to cope with heat stress. For example, recent studies have 
observed that drought resilience has mainly increased in dry and warm 
sites (Pardos et al., 2021). The differences in resilience between coex
isting species could be due to their different soil water uptake strategies 
which affect gas-water exchange dynamics (Lemoine et al., 2001), but 
this could be refined using soil and plant water isotopes and studies on 
root architecture (Yin et al., 2024). Lastly, future studies could consider 
tree-to-tree competition and compare growth data from dominant and 
suppressed trees to support our findings. Nevertheless, recent meta- 
analyses indicate that competition does not drive resilience to growth 
after drought in many cases (Castagneri et al., 2022). 

5. Conclusions 

Growth resilience and drought legacies depended on site and species 
characteristics. Most sampled sites showed a growth reduction during 
the 2017 drought. This growth reduction was followed by a quick re
covery and positive legacy effects, which may be a feature characteristic 
of mixed, productive Mediterranean forests. Negative drought legacies, 
lasting up to two years, were mainly found in sites with low productivity 
and more unfavorable climate conditions. In these sites, trees showed 
high growth rates prior to drought in response to previous favorable 
winter-spring wet conditions which predisposed to drought damage and 
partially explained negative legacies. 

We also present tree-ring data on understudied minor Mediterranean 
tree species (F. ornus, A. monspessulanum) which could represent alter
native to more widely distributed species such as oaks (Q. pubescens) 
under warmer and drier climate conditions. During the 2017 drought, 
Q. pubescens exhibited greater resistance than F. ornus, but F. ornus 
showed a better recovery and A. monspessulanum exhibited significant 
resistance. All broadleaf trees studied showed a higher tolerance to 

drought than the planted pine (P. pinaster), indicating their higher per
formance than the introduced conifer under more arid conditions. 
Overall, F. ornus seems to be the species that responded best to drought 
in terms of growth recovery. 

This study represents an important step in delineating the conditions 
for observing structural overshoot in mixed Mediterranean forests sub
jected to seasonal drought. Our results anticipate changes in stand 
composition towards communities dominated by more drought-tolerant 
tree species. Certainly, additional variables reflecting drought impacts 
on tree functioning such as wood anatomy, non-structural carbohydrate 
concentrations, soil water, nutrient availability and uptake would 
further strengthen the general overview on post-drought stand 
dynamics. 
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Poyatos, R., Llorens, P., Piñol, J., Rubio, C., 2008. Response of Scots pine (Pinus sylvestris 
L.) and pubescent oak (Quercus pubescens Willd.) to soil and atmospheric water 
deficits under Mediterranean mountain climate. Ann. For. Sci. 65, 306. https://doi. 
org/10.1051/forest:2008003. 

S.S.P. Italiano et al.                                                                                                                                                                                                                            

https://doi.org/10.1007/s10021-014-9781-5
https://cran.r-project.org/web/packages/MuMIn/index.html
https://cran.r-project.org/web/packages/MuMIn/index.html
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.1073/pnas.2002314117
https://doi.org/10.1080/22797254.2017.1414573
https://doi.org/10.1080/22797254.2017.1414573
https://doi.org/10.1051/forest:2006042
https://doi.org/10.1051/forest:2006042
https://doi.org/10.3390/f6051576
https://doi.org/10.3390/f6051576
https://doi.org/10.1007/s13595-015-0523-4
https://doi.org/10.1007/s13595-015-0523-4
https://doi.org/10.3389/fevo.2018.00009
https://doi.org/10.3389/fevo.2018.00009
https://doi.org/10.1016/j.scitotenv.2021.148930
https://doi.org/10.1007/s10021-021-00638-4
https://doi.org/10.1007/s10021-021-00638-4
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0070
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0070
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0070
https://doi.org/10.1046/j.1365-3040.2001.00797.x
https://doi.org/10.1046/j.1365-3040.2001.00797.x
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1093/treephys/tpx002
https://doi.org/10.3389/fpls.2018.01595
https://doi.org/10.3389/fpls.2018.01595
https://doi.org/10.3390/land9090325
https://doi.org/10.3390/land9090325
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0100
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0100
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0100
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0105
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0105
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0105
https://doi.org/10.1111/j.1469-8137.1995.tb05717.x
https://doi.org/10.1111/j.1469-8137.1995.tb05717.x
https://doi.org/10.1007/s10342-005-0085-3
https://doi.org/10.1007/s10342-005-0085-3
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0120
https://doi.org/10.1016/j.dendro.2009.09.002
https://doi.org/10.1111/gcb.14082
https://doi.org/10.3832/ifor2317-010
https://doi.org/10.1111/nph.16703
https://doi.org/10.1111/gcb.16170
https://doi.org/10.3389/fpls.2016.00418
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0155
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0155
https://doi.org/10.1111/gcb.14294
https://doi.org/10.1111/gcb.14294
https://doi.org/10.1016/j.tree.2018.01.013
https://doi.org/10.1016/j.foreco.2023.121406
https://doi.org/10.1093/treephys/tpu018
https://doi.org/10.1038/s41467-018-08229-z
https://doi.org/10.1002/fee.1311
https://doi.org/10.1111/gcb.13636
https://doi.org/10.1111/ele.13485
https://doi.org/10.1093/treephys/tpy095
https://doi.org/10.1093/treephys/tpy095
https://doi.org/10.12657/denbio.089.002
https://doi.org/10.12657/denbio.089.002
https://doi.org/10.1051/forest:2001159
https://doi.org/10.1051/forest:2001159
https://doi.org/10.1890/06-1195.1
https://doi.org/10.1890/06-1195.1
https://doi.org/10.1111/j.1600-0706.2011.19372.x
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1111/ele.12399
https://doi.org/10.1093/treephys/tpab019
https://doi.org/10.1016/j.foreco.2020.118687
https://doi.org/10.1016/j.foreco.2020.118687
https://doi.org/10.1111/gcb.14720
https://doi.org/10.1111/gcb.14720
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0250
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0255
http://refhub.elsevier.com/S0048-9697(24)02309-X/rf0255
https://doi.org/10.4129/IFM.2008.3.03
https://doi.org/10.1051/forest:2008003
https://doi.org/10.1051/forest:2008003


Science of the Total Environment 927 (2024) 172166

13

Pretzsch, H., 2021. Trees grow modulated by the ecological memory of their past growth. 
Consequences for monitoring, modelling, and silvicultural treatment. For. Ecol. 
Manage. 487, 118982 https://doi.org/10.1016/j.foreco.2021.118982. 

Pretzsch, H., Schütze, G., Uhl, E., 2013. Resistance of European tree species to drought 
stress in mixed versus pure forests: evidence of stress release by inter-specific 
facilitation. Plant Biol. 15, 483–495. https://doi.org/10.1111/j.1438- 
8677.2012.00670.x. 

R Development Core Team. R, 2022. A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing, Vienna, Austria.  
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Impacts of recurrent dry and wet years alter long-term tree growth trajectories. 
J. Ecol. 109, 1561–1574. https://doi.org/10.1111/1365-2745.13579. 

Tissier, J., Lambs, L., Peltier, J.P., Marigo, G., 2004. Relationships between hydraulic 
traits and habitat preference for six Acer species occurring in the French Alps. Ann. 
For. Sci. 61, 81–86. https://doi.org/10.1051/forest:2003087. 

Tomasella, M., Casolo, V., Aichner, N., Petruzzellis, F., Savi, T., Trifilò, P., Nardini, A., 
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