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Drought-tolerant tree species with high growth rates and a good capacity for carbon storage in woody tissues
(dense wood) are searched for due to aridification. Deciduous, ring-porous tree and shrub species could show
such drought tolerance and growth traits, thus representing good candidates for climate-smart rewilding.
However, we still do not know the long-term growth rates of these species and how they respond to drought,
particularly in climate change hotspots such as the Mediterranean Basin. We analysed these issues at the site and
individual levels in two ring-porous, deciduous species (Pistacia terebinthus, Celtis australis) using dendroecology
and wood anatomy. The ring width, earlywood vessel diameter, vessel density (VD) and area (%) were measured
in two focal sites, one per species, and then growth data were compared with two secondary sites to test if site-to-
site synchrony changed through time. Ring-width indices (RWI) and the hydraulic diameter (Dh) of earlywood
were calculated. Growth rates (ring width), Dh and vessel area were higher in C. australis (1.03—2.26 mm,
269 pm, 33.9 %) than in P. terebinthus (0.57—0.72 mm, 146 pm, 21.5 %). Consequently, VD was higher in
P. terebinthus than in C. australis (104 vs. 61 vessels mm~2). The ring width and Dh were more coupled in
P. terebinthus (r = 0.43) than in C. australis (r = 0.32). RWI series of the focal and secondary sites have been
synchronized since the 1990s as temperatures rose. Precipitation during the growing season (May, June)
enhanced growth and VD of both species. P. terebinthus was more responsive to a drought index than C. australis.
The two study species show high growth rates and tolerate drought being thus suitable candidates for climate-
smart rewilding.

1. Introduction

Drought is becoming a major constraint of forest productivity and
tree growth worldwide (Babst et al., 2019). The frequency and severity
of droughts are expected to increase in climate-warming hotspots such
as the Iberian Peninsula (Garcia-Valdecasas Ojeda et al., 2021). More
frequent hotter droughts will have negative impact on forests making
them more vulnerable to further stress, reducing their resilience and
increasing the mortality risk of major tree groups such as pines or oaks
(Gazol et al., 2020). Therefore, there is a great interest in broadleaf
minor tree species which could show higher drought tolerance under
warmer climate scenarios than some abundant tree species. Some
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studies have dealt with this issue in temperate central European tree
species (Kunz et al., 2018; Fuchs et al., 2021), but there are still few data
on Mediterranean tree species, except in particular cases such as the
service tree (Sorbus domestica L.; see Camarero et al., 2023).

Minor, hardwood, broadleaf species with high-quality timber (dense
wood) and fast growth rates could contribute to climate-smart rewilding
through carbon uptake and storage under more arid conditions. This
could be the case of the Mediterranean hackberry (Celtis australis L.,
Ulmaceae) and the terebinth (Pistacia terebinthus L., Anacardiaceae), two
winter-deciduous tree and tree-to-shrub species which form ring-porous
wood and are native to the Mediterranean Basin (Magni and Caudullo,
2016). Despite their Circum-Mediterranean distribution (Fig. 1), both
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(a) Pistacia terebinthus
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(b) Celtis australis
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Fig. 1. Climate diagrams of the focal sites and distribution maps of the two study species in the Mediterranean Basin: (a) Pistacia terebinthus; (b) Celtis australis. The
yellow and blue symbols show the approximate location of the focal and secondary study sites in Spain, respectively. Green areas and crosses indicate the native
distribution area, whereas yellow triangles correspond to introduced and naturalized populations (modified from Caudullo et al., 2017).

genera can be considered of tropical origin (Axelrod, 1958; Palamarev,
1989). The two study species show an early aboveground phenology and
start forming shoots and new leaves from March to May, whereas their
leaves are shed from October to December (Castro-Diez and Mon-
tserrat-Marti, 1998).

Ring porosity and deciduousness are two traits common in areas with
seasonal climates and they are often linked as shown in analyses of
European temperate trees with 94 % of the ring-porous species being
also deciduous (Boura and De Franceschi, 2007). However, only about
4 % of tree species have ring-porous wood worldwide, albeit 18 % of
tree species in temperate regions form ring-porous wood. Ring porosity
is considered an adaptation to seasonal climates by showing a trade-off
between vessel diameter and vessel density along the annual ring
(Gilbert, 1940; Carlquist, 2001). In these woody plant species, the
earlywood is characterized by vessels with large lumen area which ac-
count for most hydraulic conductivity (Ellmore and Ewers, 1985). These
vessels are rapidly formed for water transport to expanding buds (Kitin
and Funada, 2016) and their formation requires the mobilization of
stored carbon (Barbaroux and Bréda, 2002), but they become embolised
since conduit diameter is correlated with vulnerability to freeze- and
drought-induced embolism (Sperry et al., 1994). Latewood vessels
provide safety during the late growing season and allow conducting
water before the earlywood vessels are formed in the following spring
(Kitin and Funada, 2016).

In the case of Mediterranean and temperate ring-porous species, they

have to withstand unfavorable climatic conditions for growth during
summer (drought) and autumn-winter (cold) (Mitrakos, 1980). Conse-
quently, they inhabit sites with good soil water availability and often
show high growth rates and early phenology, i.e. they start growing
earlier than congeneric evergreen species (Montserrat-Marti et al.,
2009). These species can be considered as water-spender because they
display anisohydric behavior by maintaining both open stomata and
high photosynthesis rates (Kolb and Stone, 2000; McCulloh et al., 2010;
Klein, 2014). They often rely on deep soil water sources (Ripullone et al.,
2020) and show a high hydraulic capacitance and small variations in sap
flux during drought (Vi et al., 2017; Bader et al., 2022).

The commented phenological and ecophysiological features confer
ring-porous species drought tolerance. To have a long-term assessment
of their growth rates and to quantify how they change in response to
climate and water shortage we need retrospective approaches. Tree-ring
data and earlywood anatomy allow reconstructing radial growth rates
and responses to climate variability in ring-porous species because the
series of earlywood vessel variables (e.g., lumen diameter) usually
exhibit a low common signal, but are strongly related to climate
(Garcia-Gonzalez and Eckstein, 2003; Fonti and Garcia-Gonzalez, 2004;
Garcia-Gonzalez et al., 2016). Here, we aim to assess: (i) the radial
growth and earlywood anatomy patterns and (ii) the responses to
climate variables and a drought index in two minor, ring-porous, de-
ciduous Mediterranean species (P. terebinthus, C. australis). To achieve
these aims we used dendroecology and quantitative wood anatomy and
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Table 1

Geographical and structural features of sampled sites and trees. Values are
means =+ SE. Different letters indicate significant (p < 0.05) differences between
sites within each species according to Mann-Whitney tests.

Variable Pistacia terebinthus Celtis australis
El Cajo” Guara Mieza® Ciudad
Rodrigo
Latitude N 41.948 42.241 41.166 40.740
Longitude W 1.903 0.049 6.712 6.663
Elevation (m a.s.l.) 641 942 325 560
Slope () 4 10 16 5
Other tree species Quercus ilex Quercus ilex Quercus Quercus ilex
suber
Diameter at 1.3 m 21.6 + 0.8 19.3 + 0.5 31.1 +1.1 27.4 + 3.8
(cm)
Ageat1l.3m(years) 59+ 1a 79 + 4b 76 + 2b 58 + 1a
No. trees / No. 18/ 36 15/ 26 20/ 40 15/30
cores
Tree-ring width 0.72 + 0.57 + 1.03 + 2.26 + 0.24b
(mm) 0.05b 0.03a 0.03a

@ Focal sites where wood anatomy was measured.

compared two focal (with growth and anatomy data) and two secondary
sites (only with growth data) for each species in Spain. The focal and
secondary sites were similar in climate and ecological conditions to
determine if growth rates and climate-growth couplings are maintained
in space. The general goal of the study is to evaluate the suitability of
these two species to withstand warmer and drier climate conditions in
southern Europe, where forests and shrublands are encroaching. We
expect that the two species will show a high drought tolerance, thanks to
their early aboveground phenology and deciduousness which allow
them avoiding summer drought stress, and high growth rates due to
their ring-porous wood providing large hydraulic conductivity in the
early growing season. We also expect: (i) a strong coupling between
growth rates and earlywood vessel diameter, which determines the
potential hydraulic conductivity and impacts on water-gas exchange
rates (Zanne et al., 2010), (ii) a significant influence of previous winter
climate conditions on earlywood vessel diameter, and (iii) positive
growth responses to spring precipitation given the early growth
phenology of the study species.

2. Material and methods
2.1. Study sites

The two main or focal study sites are located in Northern (El Cajo, La
Rioja province) and Western (Mieza, Salamanca province) Spain,
respectively (Fig. 1). The two study species were sampled in each site
(P. terebinthus in El Cajo, C. australis in Mieza) because they are relatively
undisturbed since the 1970s and form large stands (0.5— 3.0 ha) with
abundant mature individuals. In Mieza, C. australis forms one of the
largest and best preserved populations of the species in Spain
(Hernandez Herran, 1998). The secondary tree species abundant in El
Cajo and Mieza sites are Quercus ilex L. and Quercus suber L., respec-
tively. Some P. terebinthus individuals also appear in the Mieza site.
Substrates are rocky and trees often appear growing in fissures or cracks.
Soils are basic and acid in El Cajo and Mieza, respectively. In both sites,
rivers or streams are located near the sampled stands (Anamaza river in
El Cajo, and Duero river in Mieza) probably providing high air humidity
levels in summer.

In addition to the two main or focal sites, two sites of P. terebinthus
and C. australis were also sampled in Guara and Ciudad Rodrigo,
respectively (Table 1). These additional sites were similar in climate,
soil, tree size, and forest composition to the focal sites and were used to
compare if site-to-site correlations of growth indices remained stable
over time. The linear distance (142 km) between the two P. terebinthus
sites (El Cajo and Guara) was larger than that (62 km) separating the two
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C. australis sites (Mieza and Ciudad Rodrigo).

Climate conditions in the main sites are Mediterranean characterized
by dry summers, cool winters, and high year-to-year precipitation
variability. In El Cajo, the mean annual temperature (MAT) is 12.4 °C
and the total annual precipitation (TAP) is 455 mm (data from Cabret6n
station, 41.99° N, 1.90° W, 513 m a.s.l., situated at 5 km northeast from
the study site). In Mieza, the MAT is 15.5 °C and the TAP is 671 mm
(data from Salto de Aldeadavila station, 41.19° N, 6.69° W, 220 m a.s.l.,
located at 3 km north from the sampling site). Drought duration is
longer in Mieza, but autumn precipitation is higher than in El Cajo.
Climate conditions in the secondary sites are similar, but slightly
warmer-drier in Guara (MAT, 14.0 °C; TAP, 412 mm) than in El Cajo and
slightly drier in Ciudad Rodrigo (MAT, 15.6 °C; TAP, 622 mm) than in
Mieza.

2.2. Field sampling

Sampling of two focal sites (El Cajo, Mieza) was done in winter
2020-2021, whilst the other two sites (Guara, Ciudad Rodrigo) were
sampled in winter 2023—2024. The mean slope and elevation of each
sampled site were recorded (Table 1). For sampling, a representative 1-
ha large area was selected, and 15—20 mature, apparently healthy in-
dividuals per species and site were sampled. During sampling, we did
not distinguish between males and females in the case of the diecious
P. terebinthus, but a previous study found no differences in growth be-
tween the two genders (Garcia-Barreda et al., 2022). The diameter at
1.3 m of sampled trees was measured using tapes. Then, two 5-mm cores
at 1.3 m and perpendicular to the maximum slope were extracted from
each individual using Pressler increment borers. The height of sampled
individuals ranged 9—12 and 5-7 m in the case of C. australis and
P. terebinthus, respectively.

2.3. Analysing tree-ring width and earlywood anatonty

Cores were air dried in the laboratory, glued to wooden mounts, and
surfaced with progressively finer sandpapers for visualizing tree-ring
boundaries (Fritts, 1976). Then, they were scanned at 2400 dpi resolu-
tion and visually cross-dated under a stereoscope. Ring widths were
measured with a 0.001 mm resolution using scanned images and the
CooRecorder-CDendro software (Maxwell and Larsson, 2021; Larsson
and Larsson, 2022). The quality of cross-dating was checked using the
COFECHA software which calculates moving correlations between in-
dividual series of ring-width values and the mean sites series (Holmes,
1983).

In the two focal sites (El Cajo, Mieza), the five trees showing highest
correlations with the mean site series of ring-width indices were selected
for each species to analyze their earlywood anatomy. One core from
each tree was divided into pieces approximately 2-5 cm long. Then,
cross-sections (thickness of 10—20 pym) were obtained using a sledge
microtome (Gartner and Nievergelt, 2010). Cross-sections were stained
with safranin (1 %) and Astra blue (2 %), and fixed with Eukitt®.
High-resolution images of the cross-sections were captured using an
Olympus BH2 microscope equipped with an Olympus DP73 camera. The
images were stitched with PT-Gui (New House Internet Services BV,
Rotterdam, NL) to create one composite image for each sample. The
images were analysed using the image analysis freeware ImageJ ver.
1.54i (Schneider et al., 2012), which provided the radial diameter and
centroid position of each earlywood vessel within each cross-dated
annual ring. The lower limit for vessel identification was set at a
diameter of 20 pm. The vessel diameters were measured in a tangential
window of 2 mm. Then, we calculated for each annual ring (Scholz et al.,
2013): the minimum, mean, and maximum vessel diameters, the per-
centage of earlywood area occupied by vessels, and the vessel density
(VD). Lastly, the hydraulic diameter (Dh) was calculated as the average
of Yd°/S"d*, where d is the diameter of each earlywood vessel assuming
a circular shape (Sperry et al., 1994). The mean series of each variable
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were calculated for each site and species.

2.4. Climate data and drought index

We considered several temporal scales of climate data and the
drought index (10 days, week, and month) to analyze growth and wood-
anatomy responses to climate and drought severity at different temporal
scales. Due to the lack of long, homogeneous climate datasets near the
study sites we used 0.1°-gridded daily and monthly climate variables
(Tmin, mean minimum temperatures; Tmax, mean maximum tempera-
tures; prec, precipitation) from the E-OBS dataset ver. 29.0e (Cornes
et al., 2018). In El Cajo site, 10-day mean minimum and maximum
temperatures, or 10-day summed precipitation of the local weather
station situated in Cabretén were compared with E-OBS interpolated
data (period 2006-2020). In all cases, correlations between both data-
sets were significant (p < 0.05), albeit measured precipitation tended to
be higher than interpolated precipitation (Fig. S1).

To assess changes in drought severity and duration, we used the
multiscalar Standardized Precipitation-Evapotranspiration Index (SPEI),
which accounts for the influences of temperature and precipitation on
the cumulative water balance (Vicente-Serrano et al., 2010). The SPEI
was calculated at 1-3-, 6-, 9-, and 12-month long scales. In the case of
SPEI, weekly data (period 1980-2020) were retrieved from the Spanish
1.1-km?-gridded dataset available at the webpage https://monit
ordesequia.csic.es (Vicente-Serrano et al., 2017). In all study sites,
temperatures have significantly increased since 1950 ( tests, p < 0.05),
whereas precipitation decreased in the Mieza site (Fig. S2).

2.5. Processing tree-ring and wood-anatomical data

First, to have an accurate indicator of radial increment (Biondi and
Qeadan, 2008), we transformed ring-width (RW) measures into basal
area increment (BAI) assuming concentric growth and using the
formula:

BAL =1 (17 — 17.1) €))

where r; and r.; represent the width of the rings in the year t and t-1,
respectively. Mean BAI series were calculated by averaging the BAI se-
ries of the individuals sampled in each site.

Second, the age of each individual at 1.3 m was obtained by counting
the maximum number of annual rings from bark to pith. Third, to
calculate climate— and SPEI—growth correlations individual ring-width
(RW) series were detrended by fitting x-year cubic smoothing splines
with a 50 % frequency response cut-off, where x was 2/3 of the mean
series length (Cook and Peters, 1981). The measured ring-width values
were divided by fitted values. The resulting series of dimensionless
ring-width indices (RWI) were pre-whitened by fitting auto-regressive
models, and bi-weight robust means were used to obtain site residual
series or chronologies preserving annual to decadal variability (Fritts,
1976). A similar procedure was carried out with the Dh and VD series to
remove trends due to tapering, i.e. the reduction of Dh in taller stems
(Olson et al., 2018). This allowed removing size-related trends in
ring-width and wood-anatomy data and emphasizing high-frequency
variability.

2.6. Statistical analyses

Trends in annual climate variables were assessed using Mann-
Kendall 7 tests. Mann-Whitney tests were used to test for differences
between species considering several variables (diameter, age at 1.3 m,
tree-ring, and wood-anatomical variables). An ANCOVA test was used to
compare the Dh—RW regressions’ slopes of the two species. These re-
gressions were fitted using log-transformed data and standardized major
axis (SMA) (Warton et al., 2006).

Pearson correlations between climate variables or the SPEI and
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growth or wood-anatomical indices were calculated at 10-day and
monthly temporal scales in the two focal sites. At monthly scale, cor-
relations and response function analyses were performed to account for
the multicollinearity between climate predictors (Fritts, 1976). In
addition, climate—growth relationships were also calculated at monthly
temporal scales in the secondary sites. Correlation and response function
coefficients were obtained from the previous October to the current
September. Site-to-site correlations of growth indices, i.e. by correlating
the chronologies of focal and secondary sites, were calculated during the
common period 1970—2020 using a 20-year moving Pearson correlation
shifted year by year.

Lastly, we calculated several dendrochronological statistics for the
common, best-replicated period (1964-2020 and 1964-2023 in the
focal and secondary sites, respectively). This period was defined based
on the values of the Expressed Population Signal (EPS). We considered
the period with EPS > 0.85 as the best-replicated one (Wigley et al.,
1984). We also characterized the mean site chronologies by calculating:
the mean ring-width values, the mean first-order autocorrelation of ring
widths, which accounts for year-to-year persistence in growth, the mean
sensitivity (MS), which measured relative changes in ring-width indices
between consecutive rings, the correlation with mean sites series, and
the EPS (Briffa and Jones, 1990). The internal coherence of each site
series was measured by calculating the mean correlation between indi-
vidual ring-width and anatomy series (rbar).

We used generalized additive mixed effect models (GAMM; Wood,
2017) to study the relationship of growth (BAI), hydraulic diameter
(Dh), and vessel density (VD) as a function of climate variability and
drought severity (SPEI) at the individual level, while accounting for age
and size effects, in the two focal sites. We ran separate models for the
focal sites of each species using as response variables either BAI, Dh or
VD, and tree identity as random intercept. As explanatory variables fixed
in all models, we considered tree age (from 1 to the age at coring date)
and diameter (fixed value per individual) as smooth terms with default
settings (Wood, 2003). As climatic variables, we considered the mean
maximum and minimum temperatures and the precipitation for the
growing season, i.e. from April to July. Additionally, we considered the
3-, 6-, 9- and 12-month long SPEI for June. BAI was log-transformed (log
(x+1)) prior to the analyses. Models were compared based on the Akaike
Information Criterion (AIC; Burnham and Anderson, 2002) but
restricting the total number of variables included in the model to three
and including smooth terms for age and dbh in all models. Thus, we
tested one-by-one the capacity of each climatic variable. Then, the most
parsimonious model, with the lowest AIC, of those containing no more
than two of the above-mentioned factors was selected. We also calcu-
lated AAIC scores, i.e. differences between the model with the smallest
AIC and each model, Akaike relative weights (w;), which represent the
relative likelihood of each fitted model, and adjusted R? values.

All statistical analyses were performed using the R statistical soft-
ware (R Core Team, 2023). The dplR package was used to process
dendrochronological data including the calculation of BAI and statistics
(Bunn, 2008, 2010; Bunn et al., 2023). The treeclim R package was used
to calculate the correlation and response functions between residual
ring-width series and climate variables or SPEI (Zang and Biondi, 2015).
The SMA was fitted using the smatr 3 package (Warton et al., 2012). The
package MuMIn was used for model selection and estimation of adjusted
R? values (Bartori 2023).

3. Results
3.1. Radial growth and earlywood anatomy

In P. terebinthus, tree-ring width was higher in El Cajo than in Guara
site (0.72 vs. 0.57 mm), where older trees (79 years) were sampled
(Table 1). In C. australis, growth rates were lower in Mieza (1.03 mm)
than in Ciudad Rodrigo (2.30 mm), where younger individuals were
sampled.
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Table 2

Growth and earlywood-anatomical features of the study species in the two focal
sites (Cajo, Mieza) considering the common period 1980-2020. Earlywood
anatomy was measured in five trees of each species. EPS is the Expressed Pop-
ulation Signal and Dh is the hydraulic diameter. Values are means + SE.
Different letters indicate significant (p < 0.05) differences between species ac-
cording to Mann-Whitney tests.

Type of analyses Variable Pistacia Celtis australis
terebinthus
Dendrochronology First-order 0.73 4+ 0.02a 0.85 + 0.01b
autocorrelation
Mean sensitivity 0.31 + 0.01b 0.25 + 0.01a
Correlation with master ~ 0.43 + 0.02a 0.56 + 0.02b
series
Period with EPS > 0.85  1964-2020 1947-2020
Earlywood Dh (pm) 145.80 + 268.93 +
anatomy 1.39a 3.47b
Mean vessel diameter 43.21 + 0.43a 53.21 £
(pm) 0.59b
Vessel area (%) 21.52 + 0.52a 33.87 £
0.80b
Vessel density (No. 104.35 + 61.49 +
mm~?) 2.94b 1.28a

Regarding the ring-width data of the two focal sites, the first-order
autocorrelation and correlation with the master series were lower in
P. terebinthus than in C. australis, but the mean sensitivity was higher in
the first species (Table 2). The mean BAI was higher in C. australis than
in P. terebinthus (mean + SE, 10.1 £ 0.4 vs. 2.2 £+ 0.1 cm? yr_l, p<
0.001; Fig. 2). The mean vessel diameter, the Dh (269 vs. 146 pm) and
the percent vessel area were higher in C. australis than in P. terebinthus,
whereas vessel density was higher in P. terebinthus (Figs. 2 and 3).

As expected, the coherence between series, measured as the mean
correlation between indexed individual series (rbar), was much lower (p
< 0.001) in the case of wood-anatomical variables (e.g., it ranged
0.14-0.16 in the case of Dh vs. 0.41—0.54 in the case of RWI) than in the
case of ring-width (Table S1). Both RWI and VD series were positively
correlated in the two species. The rbar values of RWIs and vessel
diameter were higher in C. australis than in P. terebinthus. The RWI mean
series of both species were positively and negatively related to the VD
and MVA series, respectively (Table S2). In P. terebinthus, the series of
RWI and maximum vessel diameter were positively correlated. Consid-
ering individual series and annual values, the slopes of the Dh—RW re-
gressions did not significantly differ between species (F =2.22,p = 0.14;
Fig. 4).

Only the two RWI series of the nearby C. australis sites showed a
positive and significant correlation (Fig. S3), albeit the series of the
P. terebinthus and C. australis focal sites showed an almost significant
correlation (r = 0.20, p = 0.08; Fig. 2). Interestingly, the RWI series of
the focal and secondary sites are becoming increasingly synchronized
since the 1995 and 1990 in P. terebinthus and C. australis, respectively,
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suggesting a stronger influence of regional climate conditions (Fig. S4).

3.2. Responses of growth and earlywood anatomy to climate and the
drought index at the site level

In the case of P. terebinthus, growth indices (RWI) increased in
response to high precipitation in the current June, high minimum
temperatures in the previous October, and current April (Fig. 5).

The Dh increased in response to wet February conditions and high
temperatures in June. High maximum temperatures in January and wet
June conditions enhanced VD. In the case of C. australis, cool and wet
conditions in the previous November and wet conditions in the current
May enhanced growth, whereas wet conditions in March decreased Dh
(Fig. 6). High minimum temperatures in February reduced VD. The
climate—growth relationships in the secondary sites were similar to
those of focal sites with P. terebinthus growth increasing in response to
warmer April and wetter June conditions in Guara, and C. australis
growth increasing in response to wet May and cool June conditions in
Ciudad Rodrigo (Fig. S5).

The aforementioned results were based on monthly climate vari-
ables, whereas at 10-day resolution we found that P. terebinthus RWIs
decreased as maximum temperatures increased from late June to early
July and as early April and early June precipitation decreased, whereas
the minimum vessel diameter increased as cumulative precipitation
from late January to early February did (Figs. S6 and S7). In contrast, Dh
decreased as mid-January precipitation increased. Mean vessel area
decreased in response to warm February conditions, and, consequently,
VD increased. In C. australis, the positive effect of precipitation on RWI
was found in late May, and the negative effect on Dh correspond to high
precipitation in early March (Fig. S8). Warm conditions in late March
increased the minimum vessel diameter, and wet-cool conditions in
April enhanced the mean vessel area. The negative impact of minimum
temperatures on C. australis VD was detected in late February.

The correlations with the SPEI showed that growth decreased in
response to dry conditions from May to September, particularly in the
case of P. terebinthus, corresponding to 9-month long SPEI values
(Fig. 7).

High 1-month SPEI values in March (wet conditions) decreased Dh in
C. australis, whereas VD in P. terebinthus decreased in response to long
droughts ending in the late growing season.

3.3. Responses of growth and earlywood anatomy to climate and the
drought index at the individual level

According to the GAMMs fitted at the individual level, BAI depended
on age and diameter, whereas earlywood anatomy only depended on age
(Fig. S9, Table 3). The BAI and VD of P. terebinthus and C. australis were
enhanced by high precipitation in May and June with high R? values in
the case of BAI for both species and also in the case of VD for C. australis

Fig. 2. Cross-sections of (a) Pistacia terebinthus and (b) Celtis australis sampled in the focal sites. In both cases, rings correspond to the period 1994—2020. Yellow dots
indicate the rings formed in years 2000, 2010, and 2020. The scale bar measures 1 mm.



J.J. Camarero et al. Forest Ecology and Management 572 (2024) 122282

Pistacia terebinthus
Celtis australis

N
o
—
Q
~
[ ]

<

- N
o [&)]
| |

O
O
G
O
0O
Q
O
O
O

Basal area increment (cm2 yr'1)
[6)]
|
O

o

1.2

0.8

Ring-width index

I e e e B e e e e e e e e e e e e B s e e e s s 1

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
()

250

300

200

Dh (um)

150 —

150

100

50

Vessel density (No. mm?)

o4+—————r——

1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Fig. 3. Growth rates (a, basal area increment; ring-width indices) and earlywood anatomical variables (c, Dh, hydraulic diameter; d, vessel density) of the two ring-
porous study species measured in the focal sites. Values are means + SE. The best-replicated periods are shown.

(Table 3). Elevated minimum temperatures in June and July enhanced 4. Discussion
Dh in P. terebinthus and C. australis, respectively, with a high R? value in
P. terebinthus. The growth rate and the earlywood vessel density (VD) of the study

species depended on spring precipitation which agrees with their early
phenology (Castro-Diez and Montserrat-Marti, 1998). Further, these
findings concur with previous studies (Garfi, 2000; Camarero and
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Fig. 4. Relationships found between log-transformed hydraulic diameter (Dh) and tree-ring width in Pistacia terebinthus (black symbols) and Celtis australis (white
symbols) in the focal sites. Pearson correlation coefficients, associated probability levels, and slopes are shown.

Rubio-Cuadrado, 2020). These winter-deciduous Mediterranean species
show a high growth rate from spring to early summer which allows them
to avoid the cumulative water shortage of late summer. Ecologically,
they are more similar to winter-deciduous Mediterranean oaks (e.g.,
Quercus faginea Lam; Corcuera et al., 2004). In contrast, coexisting
evergreen, diffuse-porous species such as Q. ilex better withstand sum-
mer drought and can grow in spring and also in late summer and autumn
if climate conditions are favorable (Montserrat-Marti et al., 2009;
Campelo et al., 2018). Therefore, if winter-spring conditions become
cooler and wetter, there could be some local replacement of dominant
oak species such as Q. ilex. However, such substitution will probably be
local and restricted to mesic sites with seasonally wet soils because the
two study species rarely form large populations due to the scattered
dispersal of their seeds by birds, among other factors.

Both study species showed a positive relationship between Dh and
tree-ring width, as expected, which was stronger in P. terebinthus, the
species forming more earlywood vessels but with smaller Dh. Such
dependence of growth on the hydraulic conductivity in P. terebinthus
may be explained by the formation of abundant earlywood vessels of
similar diameter, whereas bigger vessels would be more important for
C. australis growth.

Regarding the influence of previous winter climate conditions on
earlywood Dh, the hypothesis was supported but results in the two
species were contrasting because Dh increased in response to February
precipitation and June temperatures in P. terebinthus, suggesting a long
season of earlywood formation, but decreased in response to cool-wet
March conditions in C. australis. Furthermore, the analyses at the indi-
vidual scale showed that climate, mainly June temperature, accounted
for more Dh variability in the case of P. terebinthus, but more growth
(BAI) and VD variability in the case of C. australis with a higher
importance of May precipitation. This difference reflects the tighter
coupling between June growing conditions, Dh and growth in
P. terebinthus, indicating that a previous wet February and cool June
conditions contribute to the enlargement of vessels and wood produc-
tion. In C. australis, the formation of abundant earlywood vessels and
growth depend more on May rainfall suggesting a high dependence of
cambium activity and cell turgor to produce bigger vessels contributing
to hydraulic conductivity as leaves and the stem enlarge.

A more efficient stem water transport is expected to favor tree radial
growth (Zanne et al., 2010; Hietz et al., 2017). However, an inverse
relationship was found between radial growth and Dh in the ring-porous

species Lagerstroemia speciosa which grows in tropical moist Asian for-
ests (Islam et al., 2018). A decrease in Dh can be related to a higher
potential hydraulic conductivity linked to wetter conditions and
improved radial growth (Pérez-de-Lis et al., 2018). In contrast, trees
respond to soil (low SPEI) or atmospheric drought (high VPD) by pro-
ducing more small vessels to reduce the risk of xylem cavitation and
reduce maximum vessel diameters to keep hydraulic efficiency (Sperry
et al., 2008; Hacke et al., 2017). In addition, climate conditions of the
previous autumn and winter, have been shown to affect wood anatomy
and growth in ring-porous tree species of temperate (Garcia-Gonzalez
and Eckstein, 2003), Mediterranean (Alla and Camarero, 2012), and
tropical (Islam et al., 2019) biomes. These lagged responses could be
explained by carryover effects due to the production, storage or con-
sumption of non-structural carbohydrates in the prior year which are
used to form the new earlywood vessels the following growing season
(Pérez-de-Lis et al., 2018).

Our results on earlywood anatomy concur with other studies on
Mediterranean deciduous ring-porous tree species, mainly oaks
(Corcuera et al., 2004, 2006; Gea-Izquierdo et al., 2012; Rita et al., 2016;
Castagneri et al., 2017; Martinez-Sancho et al., 2017). However, our
findings are original because they deal with minor, understudied species
which may be suitable for climate smart rewilding. At least two reasons
support their suitability to tolerate warmer and drier climate conditions.
First, several oak species have shown canopy dieback and elevated
mortality rates in response to severe droughts which reduced growth,
particularly latewood production, impairing hydraulic safety in summer
(Corcuera et al., 2004; Camarero et al., 2016), making necessary the
search of other drought-tolerant tree and shrub species (Camarero et al.,
2023). Second, the other Mediterranean woody plant species showing
deciduousness and ring-porous wood are mostly vines (e.g., Clematis
vitalba), which are less suitable for planting in rural areas. Therefore, the
two study species represent potential candidates for rewilding because
they can face water shortage in seasonal dry environments. Interest-
ingly, the study species presented pronounced growth responsiveness to
drought and a high wood density suggesting a high stem hydraulic
capacitance (Camarero, 2018).

A pattern that deserves further attention is the opposite BAI trends
showed by the two species with an increase in P. terebinthus and a
decrease in C. australis (Fig. 2). It has been suggested that shrubs are
more capable to thrive in harsh environments due to anatomical and
morphological strategies such as displaying multiple stems and having a
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lower mean vessel area but a larger vessel density (Gotmark et al.,
2016). Our results confirm these anatomical differences between
P. terebinthus and C. australis (Table 2). Thus, despite presenting lower
growth rates the capacity of P. terebinthus to display positive growth
trends might suggest its ability to better tolerate drought than
C. australis. These results are not confirmed by the climate-growth re-
lationships (Fig. 7) because correlations with the drought index are in
general higher in P. terebinthus. However, mixed models suggest a higher
dependency of C. australis on May precipitation, whilst P. terebinthus
depends on June precipitation (Table 3). The first species was sampled
in sites located near river or streams that might provide high air hu-
midity levels in summer. This might reflect the capacity of P. terebinthus
to obtain water from deep sources which might be an advantage in a
drier climate. In any case, further research might be required if this
positive growth trend is the consequence of climate factors or simply a
reflection of the phenology of shrub growth.

High late-winter to early-spring precipitation was related to larger

T
M

T T T T T T
A M J J A S

Month

Fig. 5. Climate—growth and —anatomy relationships calculated for the P. terebinthus focal site using monthly climate variables (Tmax, mean maximum temperature;
Tmin, mean minimum temperature; Prec, precipitation). The horizontal dashed and dotted lines show the 0.05 and 0.01 significance levels, respectively. Correlations
were calculated from October of the previous year (months abbreviated by lowercase letters) to September of the current year (months abbreviated by uppercase

Dh in P. terebinthus, but the opposite relationship was observed in
C. australis. In the case of Mediterranean ring-porous oaks, drought was
also associated with smaller earlywood vessels but higher VD (Corcuera
et al., 2004; Gea-Izquierdo et al., 2012), as in P. terebinthus, suggesting
that vessel enlargement was constrained by reduced turgor. In a Cana-
dian temperate forest, drought induced the formation of fewer xylem
vessels in ring-porous tree species (Butto et al., 2021). This could be the
case of C. australis if dry March conditions lead to the formation of larger
but fewer vessels because of reduced cambial activity but high vessel
enlargement rate.

It could be expected that the study species avoid dehydration
through a reduction in water loss (deciduousness) or through deep water
uptake (phreatophyte) (Volaire, 2018). To the best of our knowledge,
there is no study on water uptake at different soil depths inferred from H
and O isotopes in the two study species, but close species such as Celtis
reticulata are considered phreatophytes (Robinson, 1958). Both species
tend to grow near permanent or ephemeral streams or in valley bottoms
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Fig. 6. Climate—growth and —anatomy relationships calculated for the C. australis focal site using monthly climate variables (Tmax, mean maximum temperature;
Tmin, mean minimum temperature; Prec, precipitation). The horizontal dashed and dotted lines show the 0.05 and 0.01 significance levels, respectively. Correlations
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letters). Asterisks indicate significant response coefficients.

with well-drained soils suggesting they may use shallow and deep soil
water sources. Nevertheless, summer drought increased the intrinsic
water-use efficiency in both species confirming their responsiveness to
water shortage (Camarero et al., 2018; Garcia-Barreda et al., 2022). A
caveat can be mentioned in the case of the diecious P. terebinthus,
because males showed lower iWUE during dry years than females which
could be related to different reproductive efforts (Garcia-Barreda et al.,
2022). However, we could not determine the sex of all sampled
P. terebinthus individuals.

From a management point of view, these species could be planted as
overstory (C. australis) or understory species (P. terebinthus) in Medi-
terranean pine plantations. Furthermore, their presence and dominance
could be enhanced in favorable wet locations near streams, tracks or
roads as major tree and shrub species. In addition, its deciduous leaf
habit probably improves litter and soil quality as compared with stands
dominated by co-occurring evergreen species (e.g., Q. ilex, Pistacia len-
tiscus). Lastly, its fruits and seeds will attract mammal, bird and insect

species and increase biodiversity (Herrera, 1995).
5. Conclusions

To conclude, the winter-deciduous, ring-porous P. terebinthus and
C. australis are suitable species for climate smart rewilding because of
their high growth rates and drought tolerance. Their early aboveground
phenology allows them avoiding Mediterranean summer drought stress.
Moreover, their high wood density makes them good candidates for
carbon sequestration under seasonal dry conditions. Finally, their
different growth forms as trees (C. australis, P. terebinthus) or shrubs
(P. terebinthus) would allow them forming different communities (for-
ests, shrublands) modulating their responses to regional and local
climate conditions as a function of site aridity (Gazol et al., 2024).
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Table 3

Summary of the statistics of GAMMs fitted to basal area increment (BAI), hydraulic diameter (Dh), and vessel density (VD. The three best fitted models are shown for each variable and species. Climate variables are

abbreviated by TN (mean minimum temperatures), TX (mean maximum temperatures), P (precipitation), SPEI drought index, and the number of the corresponding month. S(age) and s(dbh) are the smoothing terms of age

and diameter, respectively.
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