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Abstract: We still lack information on the long-term growth responses to climate of relict tree
populations, which often persist in topoclimatic refugia. To fill that research gap, we studied three
relict cork oak (Quercus suber) populations located in northern Spain using dendrochronology. The
sites were subjected to humid (Zarautz), continental (Bozoó) and xeric (Sestrica) climate conditions.
Cool–wet conditions during the current spring enhanced growth in Bozoó and Sestrica, whereas wet
conditions in the previous October enhanced growth in Zarautz. In this site, growth also increased
in response to dry conditions in the prior winter linked to high North Atlantic Oscillation indices.
Correlations between the precipitation summed from the previous September to the current May
peaked at the driest site (Sestrica). The strongest growth responses to drought severity were also
found at this site, where growth negatively responded to 9-month early-summer droughts, followed
by the continental Bozoó site, where growth was constrained by 1-month July droughts. Growth
declined in response to 6-month January droughts in the wettest site (Zarautz), where cork oak was
vulnerable to previous late-summer to autumn drought stress. Despite warmer and drier spring
conditions that would negatively impact cork oak at the Bozoó and Sestrica sites, trees from these
populations could tolerate further aridity.

Keywords: dendroecology; drought; Mediterranean climate; North Atlantic oscillation; Quercus suber; SPEI

1. Introduction

The Mediterranean Basin is a climate change hotspot subjected to increasingly warming
conditions and ongoing aridification and an area where further warming and drying are
forecasted [1,2]. In this region, forests have been used and managed by people for millennia
to extract timber, charcoal, fodder, fruits and also cork from the cork oak (Quercus suber L.)
bark [3]. However, climate warming may menace the persistence of some cork oak populations
because hotter droughts lead to growth decline and increase mortality due to severe water
deficits or greater pathogen incidence [4–10]. Furthermore, in addition to dieback and growth
decline, climate change may result in a 20% decrease in cork production by the late 21st
century [11]. Therefore, a better long-term assessment of climate impacts and growth responses
to drought is needed for cork oak, given its wide distribution (ca. 2.5 million ha) and socio-
economic and ecological relevance in the western Mediterranean basin.

The cork oak is an evergreen tree species with diffuse-porous wood widely distributed
in areas with mild climate conditions characterized by acidic, often nutrient-poor soils,
where it is usually managed for cork production [12]. Cork is stripped from the trunks of
mature trees at intervals ranging from 8 to 14 years [12]. Cork oak provides multiple ecolog-
ical services, such as enhancing biodiversity, promoting carbon sequestration, protecting
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soils from erosion and supplying economic (cork, wood, timber) and cultural services [3].
This oak responds to the typical Mediterranean summer drought through changes in sev-
eral traits (leaf osmotic adjustments, rapid stomata closure, isohydric behavior, uptake of
deep water sources, reduction in xylem vessel diameter), which make it a drought-avoiding
species [13–18]. The drought-avoiding strategy of cork oak should help it to alleviate
the negative impacts of severe water shortages on radial growth and reduce the risk of
hydraulic failure through controlling stomatal conductance, tissue hydration, xylem em-
bolism and root access to deep water sources [13–19]. Nevertheless, it may also succumb in
response to severe, lasting droughts [5,20]. Declining trees have shown tissue dehydration
and low water-use efficiency, suggesting poor resistance to severe droughts [21].

As in other Mediterranean oaks, growth decline in cork oak associated with canopy
dieback and drought stress is reflected not only by lower radial growth rates (narrow
tree rings) but also by reduced cork production (narrow cork rings) [22]. In cork oak,
intra-annual radial growth peaks in late spring (June), shows minimum values in summer
and winter (dormancy) and is constrained by dry conditions in the previous winter [22].
Therefore, dry conditions in the winter prior to tree-ring growth should induce lower
growth rates, leading to higher adult mortality rates as drought stress intensifies [21,23].
Adult mortality is high in cork oak populations from xeric sites subjected to increasing
aridity, albeit survival and growth also depend on stand density and pathogen incidence
(e.g., Phytophthora cinnamomi Rands.) [24]. Consequently, a lower growth rate and higher
growth responsiveness or sensitivity to climate stressors, including drought, could be
expected in the most arid sites. According to studies based on cork oak seedlings, it
was concluded that greater aboveground (root) development is expected in humid (xeric)
sites [25,26]. Therefore, higher growth rates are expected in humid sites subjected to mild
conditions (e.g., coastal sites), while sites subjected to continental conditions (e.g., inland
sites) could be negatively impacted by low temperatures in winter and early spring.

Here, we compared the growth responses to climate variables (maximum and mini-
mum temperatures, precipitation) and a drought index of three relict cork oak populations
located in northern Spain using dendrochronology. Isolated, relict tree populations, of-
ten located in harsh sites, constitute ideal settings to assess growth sensitivity to climate
and drought stress because they may have adapted to marginal site conditions through
phenotypic plasticity and/or genotypic variation [27,28]. We compared three cork oak
populations situated in a humid coastal site (Zarautz), a humid continental site (Bozoó)
and a xeric continental site (Sestrica). We expected that the trees growing in the driest
(wettest) sites would display the lowest (highest) growth rates and the highest (lowest)
responsiveness (change in growth rate, correlation coefficient) to precipitation and drought,
whereas trees growing in the coldest site would be more responsive to cold conditions in
the early growing season (spring) when cambium resumption occurs [22].

2. Materials and Methods
2.1. Study Sites and Field Sampling

We selected three relict cork oak populations subjected to contrasting climatic condi-
tions in northern Spain (Figures 1 and 2, Table 1). In the three sites, the last debarking of
trees to extract cork occurred at least 15–20 years before sampling. Therefore, the study sites
were considered not to be managed for the past two decades. We measured the location
and elevation of trees using a GPS with a 5 m resolution. We also recorded the mean slope
and exposition of each site. The stand composition (main accompanying tree species in
terms of relative basal area) was also characterized. The main tree species, in addition to
cork oak, were holm oak (Quercus ilex L.) and maritime pine (Pinus pinaster Ait.).

According to 0.1◦-gridded climate data [29], Zarautz and Sestrica were the wettest
and driest study sites, whereas Bozoó was the most continental site, showing the widest
thermal range (Table 1). In all sites, soils were acidic and sandy, but soil rockiness was
particularly notable in Sestrica. The Zarautz and Bozoó forests are public, but the Sestrica
forest is private. The summer drought was evident in Bozoó and Sestrica.
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Table 1. Main characteristics of the three study sites, including the mean annual temperature (MAT)
and the total annual precipitation (TAP). Dbh is the diameter at breast height. Different letters indicate
significant (p < 0.05) differences between sites according to Mann–Whitney tests.

Site Latitude N Longitude W Elevation (m a.s.l.) Exposition Slope (%) MAT, Range (◦C) TAP (mm) KOI 1 Dbh (cm) Height (m) Other Tree Species

Zarautz 43◦17′20′′ 2◦10′52′′ 141 E 15–20 12.4, 3.9–22.8 1417 26.3 34.8 ± 1.9 c 7.5 ± 1.2 b Arbutus unedo, Laurus nobilis
Bozoó 42◦44′15′′ 3◦06′31′′ 759 NE 5–10 10.1, −2.5–23.4 789 21.5 27.3 ± 1.6 a 5.9 ± 0.3 a Quercus ilex, Pinus pinaster

Sestrica 41◦30′02′′ 1◦38′11′′ 865 E, SE 10–45 11.8, −1.6–27.8 455 15.3 31.4 ± 1.2 b 6.6 ± 0.9 ab Quercus ilex, Quercus faginea

1 KOI is the Kerner Oceanity Index, which is the ratio of the mean monthly air temperature difference between
October and April and the difference between mean monthly temperatures of the warmest and coldest months.
Small and large KOI values indicate oceanic—high continentality (11 ≤ KOI < 20)—and hyperoceanic—low
continentality (21 ≤ KOI < 50)—conditions, respectively.
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Figure 1. (a) Distribution of cork oak (Q. suber) in the western Mediterranean Basin and locations of
the three relict populations sampled in northern Spain (Z, Zarautz, dark blue square; B, Bozoó, light
blue square; S, Sestrica, yellow square). Light gray is the species distribution; dark gray is the data
from forest inventories; and crosses are isolated or relict populations. Modified from [30]. (b) View of
sampled site in Sestrica. (c) Cross-section of a cork oak core sampled at the same site and showing
annual rings.
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2.3. Processing Wood Samples and Tree-Ring Width Data 
Cores were air-dried in the laboratory. Then, they were glued onto wooden mounts 

and sanded until tree rings were clearly visible [36]. All samples were visually cross-
dated, and tree-ring width was measured with a 0.001 mm resolution using scanned im-
ages (EPSON 10,000 XL, Nagano, Japan) obtained at 2400 dpi resolution. Ring widths 
were measured and cross-dated using the CooRecorder and CDendro software v. 9.3.1 
[37]. The quality of cross-dating was checked using the COFECHA software, which calcu-
lates moving correlations between individual series of ring width values and the mean site 
chronologies [38]. In some trees, particularly those most difficult to cross-date, thin (15–25 
μm) wood cross-sections were prepared to help with their accurate cross-dating (Figure 1c). 
Wood cross-sections were obtained by using a sledge microtome, and the resulting samples 
were stained using safranin [39]. The estimation of tree age was based on cores taken at a 
height of 1.3 m and reaching the pith. 

Individual tree-ring width series were detrended using negative linear or exponen-
tial functions. The resulting ring width indices were pre-whitened by fitting an auto-
regressive model and removing the first-order autocorrelation. A bi-weight robust mean 
was used to calculate the mean site residual (pre-whitened) series or chronologies of ring 
width indices. Then, to describe ring width data and chronologies, several dendrochron-

J F M A M J J A S O N D
0

20

40

60

80

100

Te
m

pe
ra

tu
re

 (º
C

)
0

20

40

J F M A M J J A S O N D
0

20

40

60

80

100

0

20

40

J F M A M J J A S O N D

Pr
ec

ip
ita

tio
n 

(m
m

)

0

20

40

60

80

100

0

20

40

Figure 2. Climate diagrams of the three study sites ((a) Zarautz, (b) Bozoó and (c) Sestrica) and
(d) locations in the climatic space. In the lower plots, the grey and green dots show annual temperature
and precipitation data for Europe (12◦ W–60◦ E, 32–72 ◦N) and for those dominated by cork oak,
respectively. The study sites are represented using dark blue (Zarautz), light blue (Bozoó) and yellow
(Sestrica) triangles.

Sampling was carried out in spring 2022. In each site, we selected 10 to 14 mature,
apparently healthy cork oak trees for sampling across an area of ca. 2 ha. We measured
their diameter at breast height (dbh) and total height using tapes and a laser rangefinder,
respectively (Nikon Forestry Pro II, Nikon, Japan). Then, two cores per tree were taken
at 1.3 m and perpendicular to the maximum slope using 5-mm Pressler increment borers
(Haglöf, Långsele, Sweden). The mean basal area of cork oak was similar among sites, with
values ranging from 12.2 (Sestrica) to 15.7 (Zarautz) m2 ha−1.

2.2. Climate Data and Drought Index

To avoid problems with heterogeneity or missing values, we obtained 0.1◦-gridded monthly
climate (maximum and minimum temperatures, total precipitation) data from the European
E-OBS v. 28.0e dataset [30]. To measure drought severity, we used the standardized precipitation-
evapotranspiration index (SPEI) for the period 1970–2021. The SPEI is a standardized multi-
scalar drought index based on the accumulated water deficit, calculated as differences between
precipitation and potential evapotranspiration, with negative (positive) values indicating dry
(wet) conditions [31]. We used weekly SPEI data and considered 1- (SPEI 1), 3- (SPEI 3), 6- (SPEI
6) and 9-month (SPEI 9) SPEI temporal resolutions. These data were downloaded at a 1.1 km2

spatial resolution from the Spanish SPEI dataset [32]. For the analyses performed with daily
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climate, the 5 km grid calculated by the Spanish Meteorological Agency (AEMET) from more
than 3200 and 1800 precipitation and temperature local stations, respectively, located in Spain,
was used (https://www.aemet.es/es/serviciosclimaticos/cambio_climat/datos_diarios?w=2,
accessed on 11 June 2023).

To characterize the climatic marginality of the study relict populations, we first ob-
tained distribution data of the species in Europe, considering the area encompassed by
coordinates 12◦ W–60◦ E and 32–72◦ N [33]. Then, two relevant climatic variables (mean
annual temperature, total precipitation) were downloaded at 1-km2 spatial resolution from
the Worldclim database, considering the period 1970–2000 [34]. Finally, the raster R pack-
age was used to select the 1-km2 grids where cork oak was present [35]. The three sites
occupied marginal locations within the cork oak climatic distribution space in Europe, with
the Zarautz and Sestrica sites corresponding to the wettest and driest locations, respectively
(Figure 2d).

2.3. Processing Wood Samples and Tree-Ring Width Data

Cores were air-dried in the laboratory. Then, they were glued onto wooden mounts and
sanded until tree rings were clearly visible [36]. All samples were visually cross-dated, and
tree-ring width was measured with a 0.001 mm resolution using scanned images (EPSON
10,000 XL, Nagano, Japan) obtained at 2400 dpi resolution. Ring widths were measured and
cross-dated using the CooRecorder and CDendro software v. 9.3.1 [37]. The quality of cross-
dating was checked using the COFECHA software, which calculates moving correlations
between individual series of ring width values and the mean site chronologies [38]. In some
trees, particularly those most difficult to cross-date, thin (15–25 µm) wood cross-sections
were prepared to help with their accurate cross-dating (Figure 1c). Wood cross-sections
were obtained by using a sledge microtome, and the resulting samples were stained using
safranin [39]. The estimation of tree age was based on cores taken at a height of 1.3 m and
reaching the pith.

Individual tree-ring width series were detrended using negative linear or exponential
functions. The resulting ring width indices were pre-whitened by fitting an autoregressive
model and removing the first-order autocorrelation. A bi-weight robust mean was used to
calculate the mean site residual (pre-whitened) series or chronologies of ring width indices.
Then, to describe ring width data and chronologies, several dendrochronological statistics
were calculated [40]: the mean tree-ring width and its first-order autocorrelation, a measure
of year-to-year growth persistence, the mean sensitivity, which measures relative changes
in standardized (not pre-whitened) ring width indices, and the mean correlation among the
series of pre-whitened ring width indices (rbar). These analyses were carried out using the
dplR package [41]. We also calculated the Expressed Population Signal (EPS) of indexed
ring width site series to assess their internal coherence and replication [42].

2.4. Statistical Analyses

Comparisons between sites of tree size (dbh, height) and tree-ring statistics (ring
width, first-order autocorrelation, mean sensitivity) were performed using Mann–Whitney
tests. Pearson correlations were used to assess relationships between growth indices,
climate variables and the SPEI drought index. Correlations with monthly climate variables
were calculated from September of the previous year up to September of the growth
year. Correlations were also calculated with the summed precipitation from the previous
September until the current May, which accounts for most of the precipitation of the
hydrological year. In this case, slopes were used as a measure of responsiveness to climate,
and they were compared among sites using ANCOVAs. A similar analysis was carried out
by relating estimated tree age and mean tree-ring width.

Correlations between weekly SPEI data and ring width indices were calculated from
January to November, when most of the annual ring was already formed. Relationships
between pre-whitened series of ring width and climate variables or drought indices were
assessed using the R package treeclim [43].

https://www.aemet.es/es/serviciosclimaticos/cambio_climat/datos_diarios?w=2
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Since the winter climate conditions over northern Spain are tightly coupled with the
North Atlantic Oscillation (NAO), moving correlations between the NAO index of the
previous November and ring width indices were calculated using 20-year intervals shifted
year by year. The NAO variability is related to shifts in the position of the Iceland low-
pressure and Azores high-pressure systems linked to changes in the direction and strength
of the westerlies [44]. High (low) NAO values in late autumn and winter are related to
low (high) precipitation over most of the northern Iberian Peninsula [45]. Therefore, if
relationships between winter precipitation and ring width indices are negative (positive),
we would expect correlations with NAO indices to be positive (negative).

Radial growth is a continuous process that is not limited by monthly boundaries.
Furthermore, the study of growth–climate relationships can give very different results
depending on whether continuous periods of time are used or whether the climate of each
month is analyzed separately [46]. To address this issue, we calculated, for each climatic
variable, the time period in which the growth–climate relationship is maximal (best climate
window) using the R package climwin [47,48], which offers important advantages in the
field of dendroecology [46]. To select the best climatic window based on daily climate data,
all possible linear and quadratic models relating a series of ring width indices and the
climate variable are first fitted. In each model, a different climate window is tested. Then,
the model that minimizes the corrected Akaike Information Criterion (AICc) is chosen [49].
The mean and sum of temperatures and precipitation, respectively, in each time window
considered were used as the aggregate statistics. The large numbers of models that are
fitted to test all possible climatic windows increase the possibility of obtaining models with
low AICc by chance. To solve this problem, randomization tests were performed with
1000 replications to obtain a probability value (p AICc), which determines the likelihood
that the AICc value of the selected model has occurred by chance [47,48]. All statistical
analyses were performed within the R software [50].

3. Results
3.1. Growth Patterns and Variability

The smallest trees were sampled in the continental Bozoó site, whereas the largest
trees were sampled in the humid Zarautz site (Tables 1 and 2). The estimated age ranged
between 54 and 65 years. The mean ring width was the highest in Zarautz (2.27 mm) and
lowest in Bozoó (1.14 mm) (Figure 3), while mean sensitivity was highest in Sestrica (0.45)
as well as rbar (0.70) (Table 2). The highest first-order autocorrelation (0.74) corresponded to
Bozoó. The common, best-replicated period was 1967–2021, albeit EPS values were below
the 0.85 threshold, which is usually considered to define well-replicated and coherent
chronologies. There were negative relationships between tree age and mean ring width,
which were significant (p < 0.05) in all sites except Bozoó (Figure S1).

Table 2. Variables and statistics related to tree-ring data. Values are means ± SD. Different letters indi-
cate significant (p < 0.05) differences between sites according to Mann–Whitney tests. Abbreviations:
rbar, mean correlation among all series; EPS, expressed population signal.

Site No. Trees
(No. Radii) Period Estimated Tree

Age (yrs.)
Tree-Ring

Width (mm)
First-Order

Autocorrelation
Mean

Sensitivity rbar EPS

Zarautz 10 (14) 1949–2021 54 ± 11 2.27 ± 0.22 c 0.50 ± 0.09 a 0.27 ± 0.04 a 0.39 0.61
Bozoó 12 (21) 1940–2021 64 ± 10 1.14 ± 0.16 a 0.74 ± 0.11 b 0.30 ± 0.05 a 0.57 0.72

Sestrica 14 (23) 1937–2021 65 ± 14 1.71 ± 0.18 b 0.51 ± 0.06 a 0.45 ± 0.09 b 0.70 0.81

Both the Bozoó and Sestrica series of tree-ring widths showed significant (p < 0.001)
negative trends (r = −0.92 and r = −0.78, respectively; Figure 3a). This growth decline is a
common ontogenetic pattern that does not correspond to a loss in tree vigor (dieback). No
significant correlation was found between the site series of ring width indices, indicating
they did not share common regional climate signals (Figure 3b).
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Figure 3. Mean site series of (a) ring width data (means ± SE) and (b) residual ring width indices of
the three study sites (Zarautz, Bozoó and Sestrica). In the upper plot, the sample size (annual number
of measured trees, lower lines of different colors) is shown on the right y axis.

3.2. Relationships between Climate Variables, Drought and Growth Indices

The correlations between climate variables and ring width indices showed that cork
oak growth was constrained by warm and dry spring and early summer conditions in
Bozoó and Sestrica (Figure 4). In Zarautz, cool and wet conditions in the previous October
enhanced growth. In Sestrica, high minimum temperatures in April and elevated precip-
itation in the prior winter, spring and current September improved growth. However,
some relationships with precipitation were of the opposite sign in Zarautz, where elevated
precipitation in January reduced growth indices. This was related to the positive correlation
found between ring width and the NAO indices of the previous year (r = 0.43, p = 0.001) in
Zarautz (Figure S2). This association weakened in the 2010s–2020s.

The correlations between the precipitation summed from the previous September to
the current May and the series of ring width indices yielded the highest coefficients and
were positive and significant at the driest Bozoó and Sestrica sites (Figure 5). Cumulative
precipitation explained 12% and 30% of the variability of ring width indices in Bozoó and
Sestrica, respectively. The slope was significantly higher (F = 4.43, p = 0.038) in Sestrica
than in Bozoó.
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Figure 5. Relationships between precipitation summed from the previous (year t − 1) September to
the current (year t) May and ring width indices in the three study cork oak populations. The Pearson
correlation coefficients (r), their significance levels (p) and the slopes corresponding to fitted linear
regressions are shown in the box.
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The highest correlation coefficient found between the values of the SPEI drought
index and ring width indices (r = 0.56, p < 0.001) corresponded to early June considering
9-month-long SPEI scales, and it was found in the driest Sestrica site (Figure 6).
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Figure 6. Correlations calculated between SPEI weekly values and the site series of ring width indices
considering the common interval 1967–2021 and the temporal window from January to October.
Dashed lines show the 0.05 significance levels.

The continental Bozoó site presented the second highest correlation (r = 0.48, p = 0.0003)
in early July for 1-month-long SPEI values. In Sestrica and Bozoó, 6-month SPEI values
also showed strong positive correlations with cork oak ring width indices. Finally, in the
wettest Zarautz site, the highest correlation (r = 0.42, p = 0.0019) was found in early January
for 6-month-long SPEI values.

3.3. Analyses of Climate–Growth Relationships Based on Climwin

Regarding climwin analyses, the highest coefficient of determination (R2) was found
for precipitation in Sestrica, which explained 41% of the variability of ring width indices
(Table 3). In this case, precipitation had a positive effect, followed by a linear relationship,
and its impact on growth indices spanned from previous September until current Novem-
ber (Figure 7). Precipitation showed similar impacts on growth indices in Zarautz and
Bozoó, where it explained 34% and 21% of the growth indices variability, respectively, but
along different temporal windows, previous September–October and current June–August,
in that order. The relationships between growth indices and precipitation were mostly
linear, but nonlinear models also showed good fits (Figure S3). Maximum temperatures
showed negative correlations with the ring width indices, explaining from 13% (Sestrica)
to 22% (Zarautz) of growth variability, but with very different temporal windows (Zarautz,
September–October; Bozoó, March; Sestrica, June; see Figure 4). Lastly, minimum tempera-
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ture exerted a negative effect on growth in Bozoó, explaining 20% of the variability and
corresponding to January temperature values. In the other sites, the influences of minimum
temperature on growth indices were positive, explaining 12% and 14% of growth variability
in Zarautz and Sestrica, respectively, and peaking the correlations in August and April,
correspondingly. In any case, the relationships between temperature and growth were not
significant, according to randomization tests.

Table 3. Variables of climwin analyses relating series of ring width indices and monthly climate vari-
ables (Tmax, mean maximum temperature; Tmin, mean minimum temperature; Prec, precipitation).
The previous year is indicated with “(t − 1)”. DOY is the day of the year. The ∆AICc is a subtraction
between the model AICc and the AICc value of the null model. The p AICc is the probability value
obtained in the randomization test.

Site Climate
Variable

Window Open
(DOY)

Window Close
(DOY) Coefficient p R2 ∆AICc p AICc

Zarautz Tmax 244 (t − 1) 292 (t − 1) −0.046 <0.001 0.22 −10.85 0.079
Tmin 210 228 0.041 0.011 0.12 −4.49 0.661
Prec 238 (t − 1) 296 (t − 1) 0.043 <0.001 0.34 −19.69 0.002

Bozoó Tmax 70 85 −0.044 <0.001 0.21 −10.16 0.144
Tmin 360 (t − 1) 10 −0.048 <0.001 0.20 −9.4 0.167
Prec 147 238 0.206 <0.001 0.21 −10.28 0.116

Sestrica Tmax 152 170 −0.036 0.009 0.13 −4.85 0.904
Tmin 104 126 0.063 0.007 0.14 −5.4 0.431
Prec 258 (t − 1) 312 0.665 <0.001 0.41 −25.6 <0.001
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plot) and the site series of ring width indices (biological response in the scatter plot) in the Sestrica site.
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lowest ∆AICc values (shown in the histogram). The ∆AICc is a subtraction between the model AICc
and the AICc value of the null model. Dates of the previous year are indicated with “(t − 1)”. The
bottom plots show (b) the relationship between the climate of the best supported window and the
growth indices, and (c) the histogram of ∆AICc values of the models fitted on randomized data with
a vertical dashed line showing the ∆AICc of the best model fitted on the observed data.

4. Discussion

As expected, the cork oaks from the driest site (Sestrica) showed the highest respon-
siveness (correlation coefficient, precipitation–growth slope) to spring–summer drought,
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but the lowest growth rates were found in the continental site (Bozoó), indicating that
cork oak growth was particularly constrained by cold spring conditions at that site. Unex-
pectedly, we also found that cork oak growth in the wettest site (Zarautz) was limited by
low precipitation in the previous autumn, suggesting a marked sensitivity to late-summer
drought stress. In addition, elevated precipitation in the previous winter also reduced
growth in this humid site, indicating a negative influence of cloudy and rainy conditions
on spring growth through lagged effects. The highest sensitivity of radial growth to water
shortage in the driest site could have been exacerbated by its steep slopes and E aspect.

From a methodological point of view, we have to emphasize that applying den-
drochronology to cork oak is challenging because annual rings are hard to distinguish,
cross-date and measure. Nevertheless, we were able to develop robust tree-ring chronolo-
gies with the help of anatomical cross-sections developed at some sites. The continentality
of some sites (e.g., Bozoó) and the marked and long summer drought of others (e.g., Ses-
trica) contributed to a clear seasonality and the formation of annual growth rings. This
would explain the lowest coherence statistics (rbar, EPS) found in the mesic Zarautz site,
located near the Atlantic coast and subjected to temperate conditions.

There have been a few studies on climate–growth relationships in cork oak, particularly
in southern Portugal, i.e., in the distribution core area [51–53]. They also found that cork
oak growth was enhanced by higher cumulative precipitation from the previous autumn
until early spring [52]. These authors also found a positive effect of warmer September
conditions on growth [52], a correlation similar to that found with maximum temperatures
in the continental Bozoó site, albeit it was not significant in our case. In addition, a positive
effect of warmer spring temperatures (as we found in Bozoó) and a negative effect of
summer maximum temperatures (as we found in Bozoó and Sestrica) were reported on
growth [51]. These thermal influences may be explained by a higher cambial activity in
spring triggered by warmer night conditions and a higher evapotranspiration rate induced
by warmer day conditions in summer, making cork oak trees more dependent on deeper
soil water sources and reducing their photosynthesis rates and meristem activity [14–16,19].
Overall, these studies and our findings support the importance of soil water recharge
during autumn and winter prior to the start of the growing season. Such an effect has
already been noted in several Mediterranean conifers and could explain the different
temporal scales of SPEI-growth correlations [54].

Cork oak is a drought-avoiding species that reduces leaf conductance to water vapor
through efficient stomatal control of transpiration [55]. This isohydric strategy is maintained
during the dry Mediterranean summer through the uptake of deep underground water,
despite radial growth rates being very low in summer [14–16,22]. In this study, cork oak
growth was notably constrained by 9-month and 1-month-long droughts ending in June
(i.e., dry conditions from prior October to current June) or July (i.e., dry conditions from
current June to July) in the Sestrica and Bozoó sites, respectively. This agrees with the
growth sensitivity of cork oak to spring–summer precipitation observed in these two sites,
particularly in Sestrica, where the highest R2 value (0.41) was found for precipitation
in the selected climwin models. The contrasting growth responses to different timings
and durations of drought also suggest different growth phenologies, with a more delayed
growth onset in Bozoó. This idea could be tested through xylogenesis analyses and/or using
dendrometers. In Zarautz, growth responded to 6-month-long SPEI values in January (i.e.,
dry conditions from prior August to current January), indicating that late-summer drought
stress in the previous year could constrain cork oak growth in this site through legacy
effects (e.g., carbohydrate consumption due to warm conditions and high respiration rates,
fine root and bud formation, etc.). In this wet site, the positive correlation of ring width
indices with prior November NAO indices is explained because of the negative association
between growth indices and the January precipitation. Such a negative relationship could
be caused by wet, cloudy winter conditions reducing photosynthetic rates and leading to
lower growth rates in spring.
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Cork oak radial growth may also be reduced by cork extraction, which can intensify
the negative impact of droughts on cork oak [52,53,56,57], but we discarded this effect
by selecting stands that have not been subjected to cork harvesting during the past two
decades. Furthermore, cork oak growth positively depends on tree basal area and tree
diameter [53], which could partially explain the lowest growth rates found in Bozoó, where
the trees with the smallest diameter were also sampled. Tree-to-tree competition could
also modulate cork oak growth responses to climate, particularly precipitation, but the
sampled stands were usually open forests, and the basal area was similar. Masting could
also influence cork oak growth responses to climate, but long series of acorn production
are not available for the study sites.

Our findings have profound implications for the management and conservation of
the studied relict cork oak populations. These forests persist in topoclimatic refugia as
isolated populations within adverse regional climate conditions under drought (Sestrica)
or cold (Bozoó) stress. In addition to evolutionary factors leading to genetic differences
among populations, which we did not analyze, contrasting growth responses to climate
may represent key mechanisms implied in population persistence [58]. For instance, the
highest responsiveness to spring–summer drought in the driest site (Sestrica) indicates
a remarkable capacity to tolerate water shortage, whereas the negative response to prior
winter precipitation in the wettest site (Zarautz) may correspond to a reduction in carbohy-
drate formation due to cloudy–rainy conditions. Nevertheless, the Zarautz site is the most
sensitive to drier conditions in the prior autumn, which could lead to growth decline even
in such mesic conditions. Lastly, in the most continental Bozoó site, forecasted warmer
spring conditions would enhance tree growth more than in the other sites. If this site is
considered the “winner” in response to projected and ongoing climate warming, Sestrica
could be regarded as the “loser” if further aridity in spring and summer leads to growth
decline and dieback once a drought tolerance threshold is surpassed. Nevertheless, no
recent dieback episode has been observed at the Sestrica site, to the best of our knowledge,
indicating that this population is a valuable genetic source for assisted migration of cork
oak under more arid conditions. Finally, the cork oaks at the wettest Zarautz site could also
be negatively impacted by hotter droughts in late summer and autumn.

5. Conclusions

The study of the three relict cork oak populations in northern Spain evidenced the
plastic and contrasting climate–growth relationships observed under different topoclimatic
conditions. Relict tree populations persist in topographic and climatic refugia and may
have developed adaptations to withstand climatic stressors. Cork oak growth was severely
limited by cold spring conditions in the continental site (Bozoó) and by spring–summer
warm–dry conditions during the growing season in that site and also in the xeric site
(Sestrica). In contrast, growth was limited by prior autumn droughts and wet winters in the
humid site (Zarautz), subjected to more oceanic influence, including cloudier winter–spring
conditions. If climate keeps warming and drying, the persistence of the relict cork oak
populations located in the continental and xeric sites may be threatened. However, these
stands have not shown recent symptoms of crown dieback or increased mortality despite
recent hotter droughts in the past four decades. Therefore, trees from isolated relict stands
under drought stress, such as those in Sestrica, represent valuable genetic pools for assisted
migration under forecasted more arid conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f15010072/s1, Figure S1: Associations found between tree age and mean
growth rate; Figure S2: Series of ring width indices from Zarautz and the previous November NAO
index; Figure S3: Quadratic relationships observed between precipitation (standardized climate variable)
and cork oak series of ring width indices (biological response).

https://www.mdpi.com/article/10.3390/f15010072/s1
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