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Abstract: Understanding how regional and local climate variability drive radial growth in
trees is necessary to assess the climate-warming mitigation potential of forests. However,
tree species occurring in the same region differently respond to climate variability, including
climate extremes such as droughts, depending on soil-moisture gradients (hydrological
niche). We analyzed a tree-ring network built in a mountainous area (Sierra de Gredos,
central Spain) to compare climate-growth responses between species and sites located along
soil-moisture gradients. Tree-ring methods were applied to six tree species, and sampled in
twelve sites, including conifers (Pinus pinaster) and broadleaves (Quercus pyrenaica, Quercus
robur, Quercus ilex, Celtis australis, and Prunus lusitanica). Series of growth indices were
correlated with climate variables and climate indices (NAO, North Atlantic Oscillation).
The radial growth of most species was enhanced by high growing-season precipitation,
linked to negative NAO phases. The influence of precipitation on growth variability
strengthened as site elevation decreased, particularly in the case of C. australis and oak
species. The topographical modulation of climate-growth couplings indicates that the
hydrological niche drives species responses to water shortage. Tree-ring data could be used
to refine time-dependent hydrological niches.

Keywords: climwin; Gredos; dendroecology; drought; Mediterranean forests

1. Introduction

Forests contribute to mitigating climate warming by converting atmospheric CO, into
wood, a major long-term carbon pool [1]. Wood is formed through radial or secondary
growth, including cell expansion and thickening (cell-wall synthesis), which is constrained
by drought, a climate stressor gaining importance due to aridification [2]. However,
tree species do not exhibit the same responses to regional climate warming and drought
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stress [3]. The segregation of species along soil-moisture gradients (hydrological niche)
is one of the factors explaining species-specific local growth responses to climate [4]. For
instance, in Mediterranean forests, the proximity to permanent water sources, including
streamsides, may release some tree species from the typical summer drought stress or
partially alleviate it, thus enhancing radial growth and carbon sequestration [5].

In many tree species from mid- and high-latitude regions, where drought stress is
becoming a major driver of radial growth [2], tree-ring data allow us to infer how climate
variability at regional to local scales impacts forest productivity and tree growth [3,5].
Climate sensitivity analysis of radial growth allows for the identification of drought-tolerant
tree species while also pinpointing them along soil-moisture gradients, i.e., identifying
their hydrological niche [5-7].

Here, we analyzed a tree-ring network built in a topographically complex area in central
Spain (Sierra de Gredos and nearby piedmonts) and including six tree species, with some of
them being understudied in dendroecology (e.g., Prunus lusitanica). We aim to disentangle
the influences of regional and local climate variability on radial growth by sampling tree
species located along soil-moisture gradients. Specifically, the objectives of this study are:
(i) to quantify radial growth trends and variability of six tree species, (ii) to evaluate how these
species respond to regional and local climate variability, and (iii) to determine how the species’
hydrological niches modulate or affect their responses to climate. We expect that those tree
species located in microsites with high soil moisture, such as streamsides or gorges, would be
the least responsive to regional dryness during the growing season.

2. Materials and Methods
2.1. Study Sites and Tree Species

We sampled twelve sites located in the Sierra de Gredos, central Spain (Figure 1). Six
tree species were selected for sampling (Table 1). Four sites corresponded to an evergreen
conifer species, whereas the remaining eight sites were dominated by five hardwood species
(two evergreen species plus three deciduous species). The climate of the studied region is
Mediterranean continental with cold-wet winters and warm-dry summers [8]. The mean
annual temperature is 14.5 °C, and the mean maximum and minimum temperatures are
30.1 °C and 0.0 °C, respectively. The total annual precipitation is 1483 mm (data from
“Arenas de San Pedro” meteorological station; 5°5'28"” W, 40°12’31” N, 510 m a.s.1.).

Table 1. Characteristics of the study sites.

Tree Species Site Name Site Code  Latitude N (°)  Longitude W (°)  Elevation (m a.s.l)  Sampling Date
Quercus ilex Ma@‘gf;rdel LM 39.9452 5.7683 260 July 2022
Quercus robur Jaraiz de la Vera JA 40.0955 5.7690 447 April 2022
Quercus Rio Arbillas AR 40.1810 5.1497 445 October 2021
pyrenaica
Quercus Rio Muelas MU 40.1835 5.1907 655 October 2021
pyrenaica
Prunus Rio Arbillas AR 40.1810 5.1497 540 October 2021
lusitanica
Prunus Rio Muelas MU 40.1835 5.1907 655 October 2021
lusitanica
Celtis australis Oropesa Gl1 40.0983 5.2110 314 October 2023
Celtis australis Candeleda G2 40.1396 5.2516 367 October 2023
Pinus pinaster Guisando GU 40.2167 5.1417 795 January 2022
Pinus pinaster Sa“ti/(a:ﬁ‘elz del sC 40.2083 5.0167 720 January 2022
Pinus pinaster Pedro Bernardo PB 40.2165 4.9332 647 January 2022

Pinus pinaster Mijares MI 40.2617 4.8350 592 January 2022
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Figure 1. Map showing the location of the Sierra de Gredos range in Spain and the study sites.

The vegetation of the study area is formed by oak and pine forests. The understory of
these stands is dominated by several Mediterranean shrubs typical of sites with acidic soils
such as Erica arborea L. or Cistus ladanifer L. Geological substrates are dominated by granite
and gneiss, and soils are moderately deep at mid-elevation [9]. The resin tapping industry
favored planting Pinus pinaster Ait. at low-to-mid elevations, particularly from the 1950s
onwards [8]. This is considered a fire-resistant pine species due to its thick bark, among
other traits [10,11].

All studied tree species are found across the western Mediterranean basin, except for
Q. robur which reaches its southwestern distribution limit in this region [12]. They were
selected because they are located along different situations of soil moisture gradients and
form distinct, annual rings.

Pinus pinaster Ait. (Pinaceae) growth decreases as water deficit occurs during the
growing season [13,14]. It is a shade-intolerant, fast-growing, isohydric, and drought-
tolerant conifer found at low-to-mid elevations on acidic soils [15,16].

Quercus pyrenaica Willd. and Quercus robur L. (Fagaceae) are winter-deciduous, anisohy-
dric oaks forming ring-porous wood. The first species is abundant in sites with continental
and seasonally dry conditions with acidic soils and better tolerate drought than the second
species, which abounds in lowland wet sites of N and NW Spain [17,18]. Q. robur reaches
its southern limit in Spain on the southern slopes of the Sierra de Gredos.

Quercus ilex subsp. ballota (Desf.) Samp or Quercus rotundifolin Lam. (Fagaceae),
hereafter Q. ilex, is the most important and widely naturally distributed broadleaf species
in the Iberian Peninsula. It is an evergreen, shade-tolerant, anisohydric oak forming diffuse
to semi-ring-porous wood [19].

Prunus lusitanica L. (Rosaceae) is a Mediterranean shade-tolerant evergreen species,
usually found growing as a small tree or shrub (3-10 m) near small rivers or streams and
forming mid-size leaves and diffuse-porous wood. This anisohydric species forms relict,
isolated populations restricted to small valleys and mid slopes with northern aspects where
microclimate conditions allow high soil moisture levels [20]. P. lusitanica is a Tertiary relict,
being threatened by aridification and human impacts [21].
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Celtis australis L. (Ulmaceae) is a Mediterranean, shade-intolerant, fast-growing decid-
uous tree species forming ring-porous wood, abundant in locations with access to shallow
soil water such as close to streamsides [5,22]. It is considered an anisohydric species.

Both P. lusitanica and C. australis are often considered riparian species and are found
near streamsides and gorges where high soil moisture buffers summer drought stress. In
these wet locations, other tree species typical of mesic and riparian habitats also appear
(e.g., Castanea sativa Mill., Fraxinus angustifolia Vahl. and Alnus glutinosa (L.) Gaertn.)
(currently named Alnus lusitanica Vit.,, Douda & Manddak). Some of these species (C.
australis, F. angustifolia) are considered phreatophytes because they uptake most water from
the saturated zone [23]. In the study area, tree growth is enhanced by wet-cool climate
conditions during winter and the growing season, which are driven by negative phases of
the North Atlantic Oscillation [16,24,25].

2.2. Climate Data and Indices

We used monthly climate data (Tmax, mean maximum temperature; Tmin, mean
minimum temperature; Prec, total precipitation) from the 0.1°-gridded E-OBS v23.1e
dataset [26]. These long-term, homogeneous data were downloaded using the Climate
Explorer web portal (http:/ /climexp.knmi.nl, accessed on 3 March 2025). We also obtained
monthly North Atlantic Oscillation (NAO) indices from the CRU webpage (https://crudata.
uea.ac.uk/cru/data/nao/, accessed on 3 March 2025). The NAO indices reflect changes in
sea level pressure in the North Atlantic region, which affect westerly winds reaching the
Iberian Peninsula and bringing moist fronts in winter [27]. Positive NAO indices are linked
to dry and warm winter-to-spring conditions in central and western Spain [28].

2.3. Field Sampling

In the field, we selected dominant, mature, apparently healthy trees of each dominant
species in each site. We sampled several sites in some species (P. pinaster, 4 sites; Q.
pyrenaica, P. lusitanica, and C. australis, 2 sites of each species) to encompass environmental
variability or different disturbance regimes. First, we sampled several P. pinaster stands,
located on rocky sites but subjected to different disturbance histories of tapping, fires,
and logging as indicated by the difference in size. Tapping scars were observed in pines
sampled in Pedro Bernardo (PB) and Guisando (GU) sites, whereas fire scars were found
in some trees from the Santa Cruz del Valle (SC) site. Logging impacts (stumps, gaps)
were common in all pine stands except in SC. Second, we sampled two sites where Q.
pyrenaica and P. lusitanica stands were found in nearby locations (50 m apart) but with P.
lusitanica being restricted to gorges and streamsides. In site MU (Rio Muelas), P. lusitanica
individuals were growing very close to the stream. Most P. lusitanica individuals were multi-
stemmed. The sampled Q. pyrenaica trees were relatively young and small, characteristic of
secondary forests occupying formerly cultivated lands or pastures. Third, two C. australis
stands showing different stand structures and climate conditions were also sampled. They
were characterized by small size and rocky substrates (site G1) and bigger size (site G2),
respectively. In both sites, C. australis coexisted with ash (F. angustifolia) and scattered Q.
ilex trees.

Regarding the two oak species with one site per species, the Q. robur sample stand was
part of an open woodland located near a river, and it constitutes one of the southernmost
populations of the species distribution area across Europe [18]. We paid particular attention
to sample Q. robur individuals with leaf and acorn characters of the species since this oak of-
ten hybridized with Q. pyrenaica. In the case of the sampled Q. ilex trees, they corresponded
to a savanna-like “dehesa” formation, which is an anthropogenic agroforestry formation
where grasslands and trees are exploited for pasture and timber or acorns, respectively.
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Field sampling consisted of measuring the diameter of the thickest stems of each
individual at 1.3 m (dbh, diameter at breast height) and extracting two cores at the same
height, perpendicular to the maximum slope, using 5 mm Pressler increment borers. At
each site, 10 to 20 individuals were sampled (Table 2).

Table 2. Size (dbh, diameter at breast height), age, and tree-ring statistics (AR1, first-order autocorrela-
tion; MSx, mean sensitivity; Rbar, mean correlation among indexed ring-width series; EPS, Expressed
Population Signal (EPS). The BAI trends were assessed using Mann-Kendall S tests (significance
levels: ** p < 0.01, *** p < 0.001). Values are means + SD. Different letters indicate significant (p < 0.05)
differences between sites of the same species.

Species Site Dbh (cm) Time Span Eg: Fg::ess/ BAI (cm?) Tr:ilﬁl( S) v\zrgfﬁ;li) AR1 MSx Rbar EPS
Q. ilex LM 489 £ 84 1927-2022 13/24 81+14 1066 *** 0.61 £0.11 051 035 0.43 0.86
Q. robur JA 50.4 +14.0 1941-2021 20/40 322 +45 1186 *** 2.94 +0.96 071 022 0.59 0.92
Q. pyrenaica AR 18.6 +3.3a 1987-2021 10/20 47+20a 307 ** 223 +058a 057 031 063 092
MU 260+34b 1941-2021 10/20 9.7+20Db 2012 *** 1.63 +£0.31b 068 027 0.49 0.89

P lusitanica AR 128 £27a 1957-2021 11/18 13+07a 941 **+ 092+030a 056 040 033 079
MU 154+29a 1942-2021 13/23 19+£05a —133 094 £0.30a 068 0.36 0.39 0.80

C. australis Gl 19.7 £48a 1958-2023 15/29 149+ 34a 423 ** 206 +111a 056 029 047 088
G2 39.1+9.2b 1954-2023 15/26 274 +£63Db 1674 *** 316 +129a 055 031 0.45 0.87

P. pinaster GU 66.5+69Db 1912-2021 15/31 240+72a 994 *** 255+0.77a 073  0.26 0.42 0.86
sC 70.0+8.0b 1968-2021 12/23 521+94b 817 *** 644+153b 076 025 061 089

PB 49.0+79a 1883-2021 12/24 131+63a 1342 *** 1.82+0.60a 073  0.30 0.45 0.87

MI 470+50a 1956-2021 15/24 16.0+44a 1049 *** 2.80 £ 0.66 a 068 031 062 090

2.4. Processing Wood Samples and Ring-Width Data

Dendrochronology was used to process the wood samples, measure growth rates,
and quantify climate—growth relationships [3,29]. Wood cores were air-dried, glued onto
supports, and sanded with sandpapers of finer grain until ring limits were conspicuous.
Then, samples were visually cross-dated under the stereomicroscope. Ring widths were
measured with a 0.001 mm resolution along two cores per tree. This was done on images
scanned at a resolution of 2400 dpi. Measurements were carried out using the CooRecorder-
CDendro software (v. 9.8.1, Saltsjobaden, Sweden) [30]. The cross-dating of samples was
further checked using the COFECHA software version 6.06P, which calculates moving
correlations between individual and mean series of ring-width indices for each site and
species [31].

To compare growth rates between species of the same sites, we converted the ring-
width series into basal-area increment (BAI) series, which is a more accurate measure of
growth [32]. The BAI series were calculated using the following equation and assuming
concentric growth:

BAI =7 (R* — R*_1) 1

where R?; and R?;_; are the radii corresponding to the current (t) and prior (t — 1) years,
respectively, and 7 is the pi number. The radii are calculated as the sums of tree-ring widths
(RW) from year 1 up to years ¢ (Zﬁ RW)andt —1 (Zi_l RW), respectively.

To calculate climate—growth relationships, a series of ring-width data were converted
into ring-width indices through detrending and standardization [3,29]. This allowed us
to remove growth trends due to changes in stem age. Detrending was done by fitting
polynomial splines of 2/3 of the growth series length and a 0.5 response cut-off to preserve
annual to decadal growth variability. Then, autoregressive models were fitted to each
detrended series to remove most of the first-order autocorrelation. The resulting pre-
whitened or residual series of ring-width indices (RWI) were averaged by using bi-weight
robust means to obtain mean series or chronologies for each site and species.
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Several tree-ring statistics were calculated to characterize raw and indexed series over
the common period 1970-2021 [33]. These statistics included: the first-order autocorrelation
of raw ring widths (AR1), the mean sensitivity (MSx) of standardized indices, which mea-
sures relative changes in ring width between consecutive rings, and the mean correlation
among indexed ring-width series (Rbar). Then, we calculated the Expressed Population
Signal (EPS) to assess how well replicated and how coherent the obtained chronologies
were [34]. The processing of tree-ring width series was done using the package dplIR [35,36]
in the R statistical software ver. 4.4.2 [37].

2.5. Statistical Analyses

First, we compared ring-width statistics between sites or species using Mann-Whitney
U tests given that some variables did not follow normality according to Shapiro-Wilk tests.
Second, the BAI trends were assessed using Mann-Kendall S tests. Third, a Principal Com-
ponent Analysis (PCA) was performed considering the best-replicated period (1970-2021)
to summarize the common variability among ring-width series. The PCAs were based
on the variance—covariance matrix of the residual chronologies. We considered the first
(PC1) and second (PC2) principal components because they accounted for at least 50%
of the variance. The PCA was calculated using the function rda of the vegan R package
version 2.7-0. [38]. Fourth, to obtain climate—growth relationships, Pearson correlations
were calculated between monthly climate data (TMax, mean maximum temperature; TMin,
mean minimum temperature; Prec, total precipitation) or NAO indices and the PC1 and
PC2 scores (period 1970-2021). We considered the temporal window from the previous
October to the current September. The climate-growth relationships were calculated using
the treeclim R package [39]. Linear regressions were fitted to a series of ring-width indices
as a function of May—June precipitation.

To precisely define the temporal window, during which the relationship between a
monthly climate variable and growth indices is maximum, we used the R package climwin,
which provides more robust results than simple correlations [40,41]. Climwin allows for
comparing multiple models, which are ranked using the corrected Akaike Information
Criterion (AICc) and calculates their R? and significance levels. The difference between the
AICc of the selected model and that of the baseline model (AAICc) is minimized [42]. Then,
randomization tests are used to calculate the probability value (p AICc) that determines
the likelihood that the AAICc value of the selected model has occurred by chance. We
assumed linear relationships between climate and growth variables following [43,44].
Randomization tests demand computational power. Thus, we used the “Magerit” high-
performance computer (Univ. Politécnica de Madrid, www.cesvima.upm.es, Spain, last
accessed on 24 February 2025) to perform them. More details regarding this method can be
found in Rubio-Cuadrado et al. [43].

3. Results
3.1. Growth Trends and Variability

We found great variability in growth trends and rates between and within species
(Figure 2, Table 2). In P. pinaster, the site SC dominated by young, fast-growing trees,
showed the highest BAI values, whereas older stands showed the lowest values (PB, MI).
In Q. pyrenaica, site MU showed higher BAI values than site AR, but no differences in BAI
were found between the two P. [usitanica sites, particularly after the 1995 drought. In the
other oak species, BAI values were much higher in Q. robur than in Q. ilex (32.2 vs. 8.1 cm?,
respectively). Finally, in C. australis, BAI was higher at site G2 than at site G1.


www.cesvima.upm.es

Forests 2025, 16, 1029 7 of 16

(a) Pinus pinaster

80 |
A GU
o SC
o PB
604 o M

40
20
r 50
S==s===sa=E: ==
e R B R e S e e e e e e e S R R E e S SRR SR R R R R e R e S
1 (b) Quercus pyrenaica
1 e MU
154 v AR
10 ik =
ke
X o
L Vi v o
5 Mok | TR\ Z
¥ YT ey Y
N/
Yot
R oY
1 % - 50
0+ - - - - - . [ LI LI LTI LTI I Jm 0
& | (c) Prunus lusitanica
£
L 44
=
C
£
%
S
£
@ 2
32
o
®©
ERR
®©
m
0 T T ' 0
50 4 (d) Quercus
1 ® Quercus ilex
v uercus robur X v
40 Q ! , Y
30 4 ! YL Y v TR [ TT VLY VY| Y
20 A AT Y
10 4 4
F 50
0 RN RN RN AR N AR NN AR N AR AR AR AR NN NN ()
1 (e) Celtis australis
504 e G1
v G2
40
30
20 + A
10 4 N
J s U

1950 1955 1960 1965 1970 1975 1960 1985 1990 1995 2000 2005 2010 2015 2020
Year
Figure 2. Mean series of basal area increment calculated for each site and species ((a), P. pinaster;
(b), Q. pyrenaica; (c), P. lusitanica; (d), Q. ilex and Q. robur; and (e), C. australis). Values are means =+ SE.
The bars show the annual sample sizes (number of measured radii, right y-axes). Different colors of
symbols and bars correspond to different species or sites.

Regarding tree-ring statistics, P. pinaster, Q. robur, and C. australis showed the widest
rings and highest BAI values, whereas P. lusitanica and Q. ilex showed the narrowest rings
(Table 2). The BAI trends were positive and significant in all sites, except for the P. lusitanica
MU site. Q. ilex presented the lowest AR1 value, whilst P. pinaster (site SC) showed the
highest one. The lowest and highest MSx values corresponded to Q. robur and P. lusitanica
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(site AR), respectively, whereas the lowest and highest Rbar values were found for P.
lusitanica and Q. pyrenaica (both being located in site AR), respectively. All chronologies
were well replicated (EPS > 0.85), except for the two P. lusitanica sites, which showed a
lower internal coherence between conspecific trees than the other species.

The correlations between series of ring-width indices of the same species (Figure 3),
considering the period 1970-2021, decreased in the following order: C. australis (r = 0.81,
p <0.001) > Q. pyrenaica (r = 0.71, p < 0.001) > P. lusitanica (r = 0.58, p < 0.001) > P. pinaster
(r=0.55, p < 0.001, sites PB and GU). Remarkably, Q. ilex and Q. robur ring-width series
showed a positive and significant correlation (r = 0.31, p = 0.03).

(a) Pinus pinaster
204 s gu

2.0 4 (b) Quercus pyrenaica
e MU
v AR

Ring-width index

0.0 1 T

204 (d) Quercus

®  Quercus ilex
v Quercus robur

0.0

T T T
(e) Celtis australis
e G1

1.5 v G2

0.5 4

0.0

19‘70 15;75 19‘80 19‘85 19‘90 19‘95 20‘00 2(;05 20‘10 20‘15 20‘20
Year

Figure 3. Series of ring-width indices (chronologies) calculated for each site and species ((a), P.

pinaster; (b), Q. pyrenaica; (c), P. lusitanica; (d), Q. ilex and Q. robur; and (e), C. australis). Different

colors of symbols and bars correspond to different species or sites.
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The first and second components of the PCA accounted for 42.22% (PC1) and 13.74%
(PC2) of the growth variability, respectively. The PCA biplot showed that chronologies of
the same species were grouped together, as were those of Q. ilex and Q. robur (Figure 4). As
found with correlations between chronologies, P. pinaster (site MI) and Q. pyrenaica (site
AR) appeared separated in the biplot and showed opposite scores along the PC2 axis. The
species’ series of growth indices more strongly correlated with the PC1 scores were those of
P. lusitanica and C. australis from sites AR and G2, respectively. The P. pinaster series showed
strong positive correlations with the PC2 scores, particularly at site MI, whereas the Q.
pyrenaica series showed negative correlations, particularly at site AR. The years’ scores
indicated high growth indices in 1971, 1997, 2007, and 2008 but low growth indices in 1989,
1995, 2009, and 2012.

0.6
0y 1 Ppi-MI
] Ppi-PB

= 927 Plu-AR
N 1 Plu-MU
™ 0.0 1
=~ Qil Cau-G2
o | Cau-G1
o -0.2 -

0.4 Qpy-MU

-0.6 1 Qpy-AR

T N T T N T U T N T U T N

-1.0 -0.8 -0.6 0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
PC1 (41.22%)

Figure 4. PCA biplot showing the scores of the series of ring-width indices and the years. Sites’ codes
are as in Table 1 but preceded by species” abbreviations (Ppi, P. pinaster; Qpy, Q. pyrenaica; Qil, Q. ilex;
Qro, Q. robur; Cau, C. australis; Plu, P. lusitanica). Only years’ scores of the common period (1970-2021)
with PC1 > 10.11 and PC2 > 10.11 are represented. Symbols of different colors indicate different
species and sites.

3.2. Correlations Between Climate Variables and Growth Indices

The correlations between monthly climate variables or NAO indices and the PC1 and
PC2 scores indicated that the PC1 scores increased as May and June precipitation increased
(Figure 5). This means that the PC1 axis was driven by growing-season precipitation. Warm
conditions in the prior winter and in the current spring also showed positive associations
with PC1, but temperatures in the June—July or June NAO indices showed negative correla-
tions. In the case of PC2, warm conditions in the prior autumn and wet conditions in the
current early autumn enhanced it. NAO indices in December-January correlated positively
with PC2 scores. The December-January NAO indices also showed a positive correlation
with the mean series of Q. pyrenaica growth indices (r = 0.34, p = 0.01).
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Figure 5. Correlations (Pearson coefficients) calculated between the PC1 (black bars) and PC2 (grey
bars) scores and monthly climate variables or indices: (a) TMax, mean maximum temperature;
(b) TMin, mean minimum temperature; (c) Prec, total precipitation; and (d) NAO, North Atlantic
Oscillation index. Horizontal dashed and dotted lines indicate the 0.05 and 0.01 significance levels,
respectively. Months abbreviated by lowercase and uppercase letters correspond to the previous and

current years, respectively.

The dominant role played by May—June precipitation on growth variability allowed
the species” and sites’ chronologies to be ranked (Figure 6). We found that the highest and
lowest precipitation—growth correlations corresponded to Q. robur and P. lusitanica (site
MU), respectively.

The relationship between growth indices and May—June precipitation increased as
site elevation decreased (r = —0.57, p = 0.05). The strongest precipitation-growth coupling
appeared in warmer and drier sites dominated by C. australis and oak species (Figure 7).
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Figure 6. Linear regressions fitted to the series of ring-width indices as a function of summed
precipitation from May to June (period 1970-2021). The arrows indicate the regressions with the
highest (Q. robur, orange line) and lowest (P. lusitanica in site MU, green line) correlations, respectively.
Sites” codes are shown in Table 1. Note that the x-axis is a logarithmic scale. Symbols and lines of

different colors indicate different species and sites.

0.7 H r=-0.574, p = 0.05

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Correlation RWI - Precip.May_Jun_

200 300 400 500 600 700 800 900

Elevation (m)

Figure 7. Negative relationship found between site elevation and the correlation between growth
indices (RWI) and the May-to-June precipitation (y-axis). The statistics show the Pearson correlation
coefficient and its significance level, whereas the line shows the linear regression between both
variables. Sites’ codes are as in Table 1 but preceded by species” abbreviations (Ppi, P. pinaster; Qpy, Q.
pyrenaica; Qil, Q. ilex; Qro, Q. robur; Cau, C. australis; Plu, P. lusitanica). The correlation threshold for
significance (p < 0.05) is r > 0.27. Symbols of different colors indicate different species and sites.

3.3. Climate-Growth Relationships Based on Climwin Analyses

Climwin confirmed that growing-season precipitation was the key climatic driver of
growth variability, particularly in the case of oak species and C. australis, being significant
(p < 0.05) in all sites and species, except in the P. [usitanica site MU (Table 3). The highest
R? values corresponded to precipitation (e.g., Q. robur) and randomization tests were
significant (pAICc < 0.05) in most cases, except in P. lusitanica (sites AR and MU) and P.
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pinaster (sites SC, MI, and GU). In the two deciduous oak species and also in C. australis,
the temporal window of precipitation included May to August. However, in Q. ilex and in
the P. pinaster PB site, the window included the previous August to the current September.
Temperatures also showed high R? values for some P. pinaster (GU, PB) and oaks’ sites,
except Q. pyrenaica at site AR. In Q. ilex and Q. robur, the window of minimum temperatures
spanned from January to March, whilst in the Q. pyrenaica site MU, temperatures were
more important from June to July. In the P. pinaster PB and GU sites, the temporal window
of minimum temperatures went from May to November.

Table 3. Models selected by climwin assuming linear relationships between growth indices and climate
variables (Tmax, Tmin, and Prec: maximum and minimum temperatures and precipitation). The
monthly climate window goes from previous years (t — 1) to the current year. Significant (p < 0.05) p
AICc values are indicated with bold characters.

Species Site  Climate Variable AAICc Window Open  Window Close p Value R? p AICc
Q.ilex LM Tmax -1.71 Aug (t—1) Sep (t — 1) 0.052 0.075 0.550
Tmin —11.36 Jan Mar <0.001 0.234 0.013
Prec —13.65 Aug (t—1) Sep <0.001 0.268 0.006
Q.robur JA Tmax —6.91 May May 0.003 0.165 0.071
Tmin -12.1 Jan Feb <0.001  0.245 0.005
Prec —21.08 May Jun <0.001 0.367 <0.001
Q. pyrenaica AR Tmax -3.79 Apr Apr 0.016 0.112 0.287
Tmin —4.73 Jul Jul 0.010 0.128 0.224
Prec —8.59 May Jun 0.001 0.192 0.045
MU Tmax —14.3 Jun Jul <0.001 0.277 0.007
Tmin —12.63 Jun Jul <0.001  0.253 0.007
Prec -15.93 May Aug <0.001 0.300 0.003
P. lusitanica AR Tmax -3.59 Mar Apr 0.018 0.108 0.282
Tmin -1.71 Jan Apr 0.052 0.075 0.648
Prec —6.6 Sep (t—1) Sep (t — 1) 0.004 0.160 0.160
MU Tmax —1.95 Sep (t — 1) Sep (t — 1) 0.045 0.079 0.537
Tmin —3.66 Sep (t — 1) Sep (t — 1) 0.018 0.110 0.328
Prec —0.78 Jul Oct 0.089 0.058 0.879
C. australis Gl Tmax —2.51 May Aug 0.033 0.089 0.430
Tmin —4.6 Jan Feb 0.011 0.126 0.222
Prec —15.38 May May <0.001 0.292 0.002
G2 Tmax —2.86 Jan Feb 0.027 0.096 0.371
Tmin —3.96 Apr Apr 0.015 0.115 0.329
Prec —18.55 Apr Aug <0.001 0.335 0.001
P. pinaster GU Tmax —5.46 May Sep 0.007 0.141 0.141
Tmin —11.87 May Oct <0.001  0.242 0.005
Prec -7.7 May Sep 0.002 0.177 0.072
SC Tmax —3.72 Sep (t — 1) Mar 0.017 0.111 0.263
Tmin —4.42 Sep (t—1) Aug 0.012 0.123 0.262
Prec -17 Nov (t — 1) Dec (t — 1) 0.042 0.075 0.747
PB Tmax —4.59 May Jun 0.011 0.126 0.190
Tmin —8.82 May Nov 0.001 0.195 0.034
Prec —10.78 Aug (t — 1) Jul <0.001 0.226 0.018
MI Tmax -1.77 Jul Oct 0.050 0.076 0.575
Tmin —4.99 Jan Jan 0.009 0.133 0.203
Prec —6.48 isg ((tt B 11)) Sep 0.004  0.157 0.132

4. Discussion

As hypothesized, those tree species located in microsites with high soil moisture levels,
such as near streamsides or gorges, showed the weakest growth responses to growing-
season precipitation, the major driver of growth in the studied Mediterranean mountainous
region. This was particularly evident for the understudied P. lusitanica, a Tertiary relic
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tree that forms scattered populations in wet refuges near rivers [20]. Interestingly, the
drought-tolerant P. pinaster also showed low correlations with water availability. First, this
can be explained by influences of other climatic factors such as minimum temperatures. For
instance, in the same study area, it was found that P. pinaster radial growth was enhanced
by warm winter temperatures [16,24]. Thus, both low temperatures before the growth
onset and water deficit constrain P. pinaster growth and affect its wood density [45]. Second,
we sampled pine stands showing diverse age and size structures and subjected to different
disturbance regimes. Formerly tapped P. pinaster trees are more sensitive to drought
stress [46], and this could explain the higher precipitation—growth correlations obtained for
sites PB and GU as compared with sites SC and MU.

The BAI trend analyses indicated that the highest increases in wood production
corresponded to the Q. pyrenaica MU site, the C. australis G2 site, the P. pinaster PB site, and
the Q. robur and Q. ilex sites. Overall, this indicates that anisohydric, winter-deciduous
(Q. pyrenaica, Q. robur, C. australis) or evergreen (Q. ilex) tree species showed the strongest
growth enhancements. The recent BAI surge observed in the formerly tapped P. pinaster
PB site could be a response to improved climatic conditions, i.e., higher soil moisture.
Considering their respective hydrological niches, the sites showing the strongest increases
in wood production occupied intermediate (e.g., Q. pyrenaica, Q. ilex) situations or were
located near river sites (e.g., C. australis, Q. robur). The riparian P. lusitanica site (MU)
showing the lowest growth sensitivity to precipitation was among the wettest locations.
Nevertheless, it showed a negative BAI trend indicating that wet conditions do not improve
wood production in this species. This pattern may also be influenced by tree size because P.
lusitanica showed the lowest diameter and BAI values.

The highest precipitation-growth correlation corresponds to Q. robur. In this sense,
among the species most sensitive to changes in water availability, c/imwin analyses high-
lighted deciduous (Q. robur, Q. pyrenaica) and evergreen (Q. ilex) oaks, and also C. australis.
Oaks are anisohydric species, showing a rapid post-drought recovery [47], perhaps through
the use of abundant stored carbohydrates or by accessing deep water sources during late
summer, but a low resistance to drought, which leads to severe growth reductions and
reduces vessel lumen area [17,19]. Moreover, they also showed sensitivity to cold winter
conditions and elevated temperatures, increasing vapor pressure deficit. These results
indicate that hot and lasting drought conditions could threaten the persistence of some
individuals in the sampled marginal, rear-edge Q. robur population. In addition, warm
winter conditions linked to positive NAO phases seem to be related to the enhanced growth
of Q. pyrenaica, which contrasts with findings on pine species in the same study area
showing a growth reduction associated with dry winter conditions and negative NAO
phases [16,24]. In the case of C. australis, previous studies evidenced that the growth of
this riparian, phreatophytic species is very dependent on spring water availability [5,22].
Therefore, wet and cool conditions from May to June enhanced the growth of this species,
and the forecasted aridification trends would negatively impact this species if accompanied
by hydrological droughts.

In the case of P. lusitanica, its growth only showed a weak positive response to warmer
conditions in the prior autumn and the current growing season. This paleotropical relict
species requires high levels of air and soil moisture and is only found near riparian habitats
(streamsides or gorges), which represent its main climatic refuges [21,48,49]. Despite P.
lusitanica and C. australis sharing some functional traits (big leaves, high wood density,
use of shallow water sources) and habitat preferences (riparian habitats), they presented
very contrasting responses to precipitation. This suggests that they did not have the same
hydrological niche and that there could be vertical segregation in the use of soil water
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and nutrients, with C. australis using deeper sources during the late summer to alleviate
drought stress.

Lastly, we acknowledge that no direct measurements of soil water availability or
indirect measures of water-use efficiency (e.g., wood C isotope discrimination) or soil water
use (H and O isotope discrimination in soil and xylem water samples) were considered.
Undoubtedly, these variables would have contributed to improving our assessments of the
hydrological niche and should be considered in future research efforts.

At least two major limitations affected our analyses. First, the climate-growth relation-
ships could be influenced by the low age of some stands. For instance, the low age of Q.
pyrenaica individuals sampled in site AR resulted in secondary succession after land aban-
donment started in the 1960s. To overcome this limitation, older stands should be explored
and sampled. Second, the disturbance regime may also distort topography—climate-growth
relationships, as observed in the case of P. pinaster. To solve this limitation, stands with
similar disturbance regimes (e.g., tapping) could be compared or the disturbance history
should be explicitly integrated into the analyses of the climate-growth relationships [46].

5. Conclusions

Climate variability at regional to local scales differently impacted tree radial growth
along the soil moisture gradient. The tree-ring responses to regional climate depended
on the species” hydrological niche. We used tree-ring data and calculated climate—growth
relationships to disentangle the hydrological niche of tree species across a complex topo-
graphical area. The Mediterranean climate conditions of the study area, characterized
by a severe summer drought, explained that most species and sites showed high growth
responsiveness to growing-season precipitation. However, this responsiveness increased as
elevation decreased, indicating a topographic and species-dependent modulation of soil
water use. This gradient was characterized by two opposite extremes with low-elevation
sites of oaks and C. australis sites being characterized by strong moisture-growth associa-
tions, and mid-elevation P. pinaster and P. lusitanica sites showing a lower dependence on
precipitation. Several reasons may explain the precipitation-growth uncoupling such as
disturbance regime (P. pinaster) or species restricted to riparian refuges providing consis-
tently high soil moisture levels (P. lusitanica). Our findings illustrate the complex inferences
derived from tree-ring analyses but also reveal the potential to refine the hydrological niche
of tree species by using a long-term series of climate and radial growth. This improvement
is based on a temporal characterization of the hydrological niche.
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