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Abstract

Climate models forecast warmer winter conditions, which could lead to an earlier spring
xylem phenology in trees. Localized stem heat experiments mimic this situation and have
shown that stem warming leads to an earlier cambial resumption in evergreen conifers.
However, there are still few comprehensive studies comparing the responses to stem heating
in coexisting conifers and hardwoods, particularly in drought-prone regions where temper-
atures are rising. We addressed this issue by comparing the responses (xylem phenology,
wood anatomy, growth, and sapwood concentrations of non-structural carbohydrates—
NSCs) of two pines (the Eurosiberian Pinus sylvestris L., and the Mediterranean Pinus
pinaster Ait.) and a ring-porous oak (Quercus pyrenaica Willd.) to stem heating. We used the
Vaganov-Shashkin growth model (VS model) to simulate growth phenology considering
several emission scenarios and warming rates. Stem heating in winter advanced cambial
phenology in P. pinaster and Q. pyrenaica and enhanced radial growth of the three species
1–2 years after the treatment, but reduced the transversal lumen area of earlywood conduits.
P. sylvestris showed a rapid and high growth enhancement, whereas the oak responded
with a 1-year delay. Heated P. pinaster and Q. pyrenaica trees showed lower sapwood starch
concentrations than non-heated trees. These results partially agree with projections of the
VS model, which forecasts earlier growth onset, particularly in P. pinaster, as climate warms.
Climate-growth correlations show that growth may be enhanced by warm conditions in
late winter but also reduced if this is followed by dry-warm growing seasons. Therefore,
forecasted advancements of xylem onset in spring in response to warmer winters may not
necessarily translate into enhanced growth if warming reduces the hydraulic conductivity
and growing seasons become drier.

Keywords: dendroecology; Pinus pinaster; Pinus sylvestris; Quercus pyrenaica; Vaganov-
Shashkin model; winter warming

1. Introduction
Wood formation is a complex process that is of utmost importance for the functioning

of the biosphere, influencing carbon sequestration by forests and mitigation of climate
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change [1]. Understanding how wood formation is driven by climate is essential for
predicting how trees will respond to climate warming, particularly if warmer winter
conditions lead to an earlier cambial resumption and enhanced radial growth, as has been
observed in temperate and boreal forests [2]. Furthermore, insufficient winter chilling due
to warmer conditions could also predispose to climate hazards, including droughts or late
frosts [3]. Several studies have investigated how an earlier cambial onset in spring could be
linked to advanced leaf bursting and higher growth rates, but it is still unclear if an earlier
start of the growing season leads to improved wood production and how these impacts
tree functioning [4,5].

During winter dormancy (endodormancy), when chilling requirements are accumu-
lated, the resumption of cambial activity is not responsive to higher temperatures [6].
However, ecodormancy starts when chilling requirements are fulfilled and the persistence
of low temperatures maintains the tree in an apparent dormant state, the so-called quies-
cent stage. During this phase, warmer temperatures can trigger the resumption of cambial
activity [7]. Increased temperatures in winter and early spring are closely associated with
the onset of cambial activity and the start of xylem differentiation [8]. Previous studies
have suggested that localized heating of stems during winter can trigger the breaking of
cambial dormancy in evergreen conifers and enhance growth [9–15].

However, other external factors in addition to temperature, such as photoperiod,
may also influence cambial reactivation and xylem differentiation in evergreen conifers
and deciduous hardwoods [16]. In addition, changes in concentrations of non-structural
carbohydrates (NSC) within the cambial zone are linked to growth demand, i.e., sink
activity [17]. For instance, heating triggered localized reactivation of cambial activity, but
cambial divisions stopped after producing a few cells due to the depletion of sucrose and
starch from the closest storage tissues [11]. In addition, freeze-resistant soluble sugars
increase in winter, probably acting as osmolytes, whereas concentrations of stored sugars
such as starch decrease [17].

Understanding the environmental drivers impacting early-season aboveground phe-
nology and wood formation, such as photoperiod and temperature [16], is crucial for
assessing correctly forest productivity under changing climatic conditions. The timing of
bud burst in spring and the beginning of the growing season are particularly important due
to their impact on carbon sequestration and growth [16,18]. Nevertheless, recent analyses
have shown that leaf and wood phenology are decoupled [4,19].

In addition to experimental approaches, process-based models allow growth fore-
casting, which is a crucial need as the climate keeps warming. Here, we used a refined
version of the process-based Vaganov-Shashkin (hereafter VS) model to model radial
growth as a function of local climate conditions (air temperature, soil moisture) and so-
lar radiation [20,21]. This model has been successfully used to simulate the growth of
Mediterranean conifer and oak species, the focus species of this study [22–24]. We follow
an approach to forecast changes in the early growing-season phenology and growth length
in response to future climate scenarios.

The main objective of this study is to investigate the effect of localized stem heating
on wood anatomy (lumen area and cell-wall thickness) and the growth (tree-ring width)
in two pines (Pinus sylvestris and Pinus pinaster) coexisting with a ring-porous oak species
(Quercus pyrenaica). This will allow elucidating potential differences in their responses to
stem heating and provide insight into the strategies employed by different functional types
(evergreen conifer and deciduous hardwood) in response to warmer conditions. We hy-
pothesize that stem heating will impact differently wood anatomy, phenology, and growth
in pine and oak species. Warmer late winter and early spring temperatures induce earlier
differentiation of overwintering cambial derivatives [25], which leads to the formation
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of narrower earlywood vessels in ring-porous species [26,27]. This has been observed
in Mediterranean ring-porous oaks [28]. Therefore, we expect that the stem heating will
trigger the formation of earlywood vessels with smaller lumen area, at least in the oak
species. We also expect that heating will advance cambial resumption, enhance growth,
and increase the concentration of soluble sugars, thus decreasing starch concentrations, to
sustain more active growth.

2. Materials and Methods
2.1. Study Area

The study area is located in the Valonsadero forest (41◦47′30′′–41◦50′10′′ N and
2◦35′20”–2◦29′40′′ W, 1060–1095 m a.s.l.), near Soria, central Spain (Figure 1). It is a
woodland dominated by coppices and formerly pollarded Pyrenean oak (Quercus pyrenaica
Willd.) and by natural and planted stands of Scots pine (Pinus sylvestris L.) and Maritime
pine (Pinus pinaster Ait.). There are also small stands of poplar species (Populus tremula L.
and Populus nigra L.) and some isolated stands of Portuguese oak (Quercus faginea Lam.).
The study stands have not been managed (thinned, pruned, or pollarded) since the 1970s.
The study sites are located on an almost flat terrain. Soils are deep and acidic.

(a) (b) 

 
 

(c) 

 

Figure 1. (a) Views of the heated stems in the Valonsadero “Centro” study site, (b) approximate
locations of the “Centro” (Pinus sylvestris and Quercus pyrenaica trees) and “Vivero” (Pinus pinaster
trees) heating sites, and (c) location of Soria province (red polygon) in Spain.
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The climate in the study area is Mediterranean with continental influence. Climate vari-
ables at daily and monthly resolutions (mean temperature, mean maximum and minimum
temperatures, and total rainfall) from the Soria weather station (41◦27′36′′ N, 02◦16′48′′ W,
1082 m; located at a similar elevation as the study site at only 5 km away) were used. The
average annual temperature of the study area is 11.4 ◦C, with the average temperatures
of the coldest and warmest months being 2.9 ◦C (January) and 20.0 ◦C (July), respectively
(data for the period 1950–2011). There are at least 3 months when frosts occur (December,
January, and February). The total annual precipitation is 539 mm. There is a precipitation
peak in spring (142 mm), and a seasonal minimum value is recorded in summer (110 mm).
According to the climate diagram (Figure S1, Supplementary Data), the dry period lasts
from July to August. The annual climatic water deficit (difference between precipitation
and potential evapotranspiration), estimated using the Penman-Monteith method [29], was
169 mm. Monthly soil water content was calculated using a hydrological sub-model based
on temperatures and precipitation as input data and considered interception, evaporation,
transpiration, surface runoff, soil infiltration, and snow dynamics [30].

To characterize the climatic conditions during the study year (2012), daily data from
the Fuentecantos station (41◦50′55′′ N, 2◦25′43′′ W, 1029 m), located about 11 km from the
study site, were used. Data from the period 2002–2013 were also used for comparison
with the Soria station, and significant (p < 0.01) correlations were obtained for temperature
(r = 0.97) and precipitation data (r = 0.81).

2.2. Study Tree Species

Both study pines are evergreen species. Scots pine (P. sylvestris) shows a wide distribu-
tion across Eurasia, extending from Spain to Siberia. It is a shade-intolerant pioneer species
that reduces its transpiration under drought conditions, and such isohydric behavior results
in low carbon acquisition during dry periods [31].

Maritime pine (P. pinaster) is a common species native to seasonally dry areas of the
western Mediterranean Basin and showing large ecological amplitude from continental to
maritime influence, but mainly in sites with acid soils. Pinus sylvestris is less drought toler-
ant than P. pinaster, which shows a higher growth responsiveness to changes in precipitation
and soil moisture [32].

The Spanish oak (Q. pyrenaica) is a winter-deciduous species with ring-porous wood
that occurs mainly in continental areas of the western Mediterranean basin with deep,
acid soils showing high water availability [33]. This oak species has a deep taproot,
which allows access to deep soil water under drought conditions following an anisohydric
strategy [34,35]. It can form pure or mixed stands with the study pine species.

2.3. Climate Data

Daily climatic data (precipitation and minimum and maximum temperature) were
downloaded from the Soria meteorological station for the period between 1 January 1956
and 31 December 2013. The daily climate was used to estimate monthly climatic data (mean
temperature, precipitation, and soil water content).

2.4. Growth and Phenology Monitoring

To investigate spring phenology and xylogenesis, four dominant and apparently
healthy trees of the three species were selected in March 2012 and randomly assigned
to heating (n = 2 individuals per species) or non-heating (n = 2 individuals per species)
treatments. The diameters at breast height (dbh) and total height were measured for each
selected tree (Table 1). One 3-year-old branch from the upper, sunniest third of the canopy
was collected every week with a stick for bud and leaf development monitoring. Sampling
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was carried out from early March, when trees were dormant, to early June 2023, when trees
were actively producing wood.

Table 1. Characteristics of the study trees and onset dates of the main phenophases recorded during
spring 2013 after stem heating in the winter 2012–2013 in heated (H) and non-heated (NH) individuals.

Species Heat
Treatment Dbh (cm) Height (m) Age at 1.3 m

(Years)

Leaf
Flushing,

DOY (Date)

First Visible
Leaves, DOY

(Date)

Fully
Unfolded

Leaves, DOY
(Date)

Onset Date
of Xylem

Formation,
DOY (Date)

P. sylvestris NH 51.0 ± 1.1 a 12.8 ± 0.7 a 52 ± 1 a 150 ± 2 a
(29 May)

158 ± 3 a
(6 June)

180 ± 4 a
(28 June)

128 ± 3 a
(7 May)

H 49.8 ± 0.9 a 12.3 ± 0.9 a 50 ± 1 a 148 ± 3 a
(27 May)

156 ± 3 a
(4 June)

181 ± 4 a
(29 June)

125 ± 2 a
(4 May)

P. pinaster NH 57.2 ± 1.0 a 12.1 ± 0.6 a 50 ± 1 a 148 ± 2 a
(27 May)

161 ± 2 a
(9 June)

180 ± 4 a
(28 June)

106 ± 4 b
(15 April)

H 58.0 ± 1.2 a 11.9 ± 0.5 a 53 ± 2 a 145 ± 2 a
(24 May)

158 ± 3 a
(6 June)

176 ± 3 a
(24 June)

98 ± 4 a
(7 April)

Q. pyrenaica NH 25.0 ± 0.5 a 11.8 ± 2.0 a 48 ± 3 a 140 ± 2 a
(19 May)

147 ± 3 a
(26 May)

154 ± 3 a
(2 June)

113 ± 2 b
(22 April)

H 29.6 ± 0.8 a 11.4 ± 1.9 a 52 ± 2 a 138 ± 2 a
(17 May)

145 ± 3 a
(24 May)

152 ± 3 a
(31 May)

108 ± 2 a
(17 April)

DBH is the diameter at breast height (1.3 m). Values are means ± SE. Significant (p < 0.05) differences between
heated and non-heated trees of the same species, and after the heating treatment, are based on Mann–Whitney U
tests and indicated by different letters. Different letters indicate significant (p < 0.05) differences.

In addition to spring phenology monitoring, xylogenesis during the early growing
season was also monitored on the same sampling dates in heated and non-heated trees.
Specifically, we focused on the onset date of xylem formation, which depends on prior
winter conditions [7]. Wood microcores of a 2 mm diameter were extracted with a Trephor
microborer from the stem, at a height range between 1.0 and 1.5 m, of four individuals per
species [36]. Samples were extracted following a spiral along the stem and separated by at
least 10–15 cm from the previous sampling to prevent the influence of reaction wood. The
microcores were processed as follows: embedding, cutting them on a sliding microtome
(10–20 µm thickness), and staining the resulting cross-sections [36]. Sections of pine species
were stained with cresyl fast violet (1.5%) and observed with visible and polarized light to
differentiate the developing xylem cells, whereas oak samples were stained with safranin
(1%) and astra blue (0.5%). The xylem onset date was considered when at least two radially
enlarging cells were observed in two different radial lines of the microcore.

2.5. Stem Heating Experiment

Flexible silicone heater sheets (200 mm × 2000 mm, Urrutia 2000, Spain) were wrapped
around the trunk of two trees per species in two locations (Figure S2). Localized heat
treatment started in October 2012 and continued until May 2013. The heating treatment
was carried out in two sites where stems of P. sylvestris-Q. pyrenaica (“Centro” site) and P.
pinaster (“Vivero” site) were heated (see Figure 1). In each site, meteorological conditions
(air and soil temperatures, precipitation, relative humidity, and soil moisture at 15 cm
depth) were recorded by different sensors (CS650 water content reflectometers and CS215
L temperature and relative humidity probes) every 15 min and stored in a data logger
(Campbell Scientific CR1000, North Logan, UT, USA). Heating sheets were placed at a
1.3 m height. The heating wire covered the whole perimeter of the trunk of each tree
across a 20 cm high area, and this region was used as the locally heated stem area after
carefully removing the dead bark. An alternating current of 220 V was passed through
the heating sheet to heat the stem surface. A platinum resistance temperature sensor (RS
PRO PT1000 RTD Detector, 2 Wire, Chip, Class A +500 ◦C Max; RS, London, UK) was
connected to the datalogger. This sensor was used to measure the temperature of the heated
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xylem area, located between the outer bark and the heating tape. A temperature controller
(Carel IR33A9MR20, Padova, Italy) was used to keep the temperature between 18 and
22 ◦C, i.e., from +10 to 12 ◦C above air temperature (Figure S3). Temperature control was
achieved using a solid-state relay (Crydom CN240A05B, Attleboro, MA, USA) and another
temperature controller (Carel IR33W7LR20, Padova, Italy) as a security system in case of
failure. Both controllers use platinum resistance temperature sensors to measure xylem
temperature. Two nearby individuals per species, of similar diameter at 1.3 m as heated
trees, were kept without electric heaters to be used as non-heated or control trees. Xylem
temperatures were measured with thermocouples and stored every 15 min in data loggers.

2.6. Field Sampling and Dendrochronological Data

For each tree species, 20 mature individuals were selected and sampled. First, their
diameter at breast height was measured using tapes (Table 2). Second, two cores were taken
with a 5 mm Pressler increment borer at 1.3 m from each tree. Coring was conducted in 2009
and 2020. Wood cores were air-dried, glued onto supports, and sanded with progressively
finer sandpaper. Tree rings were visually cross-dated under the stereomicroscope and
measured to the nearest 0.01 mm using a LINTAB-TSAP measuring system (Rinntech,
Heidelberg, Germany). Cross-dating quality of tree-ring series was evaluated using the
COFECHA program, which calculated moving correlations between ring-width series and
pinpointed the dates showing the highest correlation [37]. We also measured the earlywood
and latewood widths in the pine species. The age at 1.3 m was estimated by counting the
number of rings from bark to pith.

Table 2. Dendrochronological statistics obtained for the three studied tree species considering the
common interval 1965–2009.

Species No. Trees
(No. Cores)

Mean Ring
Width (mm) AR1 Mean

Sensitivity Rbar EPS

Pinus pinaster 20 (35) 2.76 ± 1.18 0.68 ± 0.15 0.33 ± 0.05 0.62 0.98
Pinus sylvestris 20 (35) 3.05 ± 1.12 0.62 ± 0.13 0.31 ± 0.07 0.51 0.96

Quercus pyrenaica 20 (35) 1.92 ± 0.47 0.47 ± 0.16 0.30 ± 0.04 0.54 0.97
Abbreviations: AR1, first-order autocorrelation; Rbar, mean inter-series correlation; EPS, Expressed Population
Signal. The Rbar and the EPS values were calculated using residual ring-width series for the 1965–2009 period.
Values are means ± SE.

Size-related, ontogenetic growth trends were removed from ring-width series through
detrending using the dplR [38] and detrendeR packages [39]. Cubic smoothing splines with
a 50% frequency-response cut-off equal to 30 years were used to remove part of the low-
to medium-frequency variability. First-order autocorrelation was partially eliminated by
fitting autoregressive models. Finally, mean series of residual ring-width indices (TRWi)
and also of earlywood and latewood width indices were obtained by averaging the resulting
pre-whitened TRWi series using a bi-weight robust mean.

The statistical quality of each chronology was assessed by calculating several statistics:
first-order autocorrelation (AR1), mean sensitivity (MSx), mean correlation between series
(Rbar), and Expressed Population Signal (EPS). The EPS shows how well the built chronolo-
gies represent a coherent, well-replicated chronology [40]. We considered a threshold of
EPS > 0.85 to determine the reliable, best-replicated common period. Mean annual tree-ring
width, MS, and AR1 were calculated on raw data, whereas indexed-TRWi series were used
to calculate Rbar and EPS (Table 2).
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2.7. Changes in Concentrations of Non-Structural Carbohydrates (NSCs)

To evaluate the impacts of stem heating on NSC dynamics, we measured the concentra-
tions of starch and soluble sugars (% dry matter) in stem sapwood during the 2013 growing
season. We extracted cores of 5 mm diameter from the stem in heated and non-heated trees.
This was carried out on the following dates (DOYs, day of the year): 14 April (105), 29 April
(120), 14 May (135), and 29 May (150). Sapwood samples were taken to the laboratory in
a portable cooler after carefully removing the bark and phloem. They were subsequently
frozen and stored at −20 ◦C until freeze-dried. All dried samples were weighed and milled
to a fine powder in a ball mill (Retsch Mixer MM301, Leeds, UK) prior to chemical analyses.

Soluble sugars were extracted with 80% (v/v) ethanol. Their concentration was
determined using the phenol–sulfuric method [41]. Starch and complex sugars remaining
after ethanol extractions were enzymatically reduced to glucose and analyzed [42]. To
gelatinize starch, samples were incubated in a 4 cm3 sodium acetate buffer in a shaking
water bath at 100 ◦C for 1 h. After cooling to room temperature, 1 cm3 of amyloglucosidase
solution (0.5% amyloglucosidase 73.8 U/mg, Fluka 10,115, in acetate buffer) was added.
Then, samples were incubated for 16 h at 50 ◦C. After centrifugation, the concentration of
starch and complex sugars was determined colorimetrically using a spectrophotometer
(Bio-Tek Instruments, Colmar, France). The coefficient variation of the extraction and
measurement procedures was below 5%. NSCs measured after ethanol extraction are
regarded as soluble sugars, and carbohydrates measured after enzymatic digestion are
considered starch. The summed soluble sugars and starch are the total NSCs.

2.8. Wood Anatomy

Wood anatomy was measured in the rings formed from 2008 to 2018 to include the
heating treatment. This was carried out in 5 mm cores extracted from heated stems and
in nearby non-heated trees of similar diameter, height, and age. Cores were sectioned
using a sledge microtome [43]. Images of sections along the rings formed in the period
2000–2020 were taken at 40–100× magnification with a digital camera mounted on a light
microscope (Olympus BH2, Olympus, Tokyo, Japan). The images were stitched with
the ICE software version 2.0 (Microsoft©) and analyzed using the ImageJ image analysis
software version 1.54m [44]. In the case of pines, earlywood lumen area and cell-wall
thickness (CWT) were measured using the AutoCellRow software version 1.3 [45]. These
analyses provided measurements of transversal conduit area and double cell-wall thickness
of tracheids along the radial direction within annual rings. In the oak, earlywood vessel
diameter and density, hydraulic diameter (Dh), and potential hydraulic conductivity (Kp)
were calculated following [46]. To emphasize relative changes in vessel lumen area, z-scores
of the 20 largest earlywood vessels were calculated for heated and non-heated oak trees. In
addition, we measured the earlywood vessel diameter along the rings formed in the period
2000–2020 in 10 oaks sampled near the experimental stand. Again, 1 core per tree was
extracted, transversally cut, cross-dated, and the processed to obtain images of sections.

2.9. Vaganov-Shashkin Process-Based Model of Radial Growth

A recent improved version of the VS model tuned for Mediterranean tree species was
used to simulate tree-ring formation [21]. This updated version of the VS model considers
both temperature and photoperiod to determine the start of the growing season. This model
was used to simulate daily relative growth rates for the common period (1965–2009). For
each tree species, the TRWi series was used as input to adjust the VS model. Then, the model
was applied to simulate TRWi as a function of daily temperature (GrT) and precipitation or
soil moisture (GrW) [20]. A simple optimization algorithm was used to adjust 9 parameters,
while the remaining parameters were kept constant (Table S1). Due to the short common
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period (n = 45 years), no calibration-verification analysis was performed on an independent
period. Therefore, a restricted and realistic range of values was defined for each parameter
to limit model overfitting (Table S1). Differences in radial growth phenology and root
system depth among species were considered to define species-specific values for these
parameters. All models were fitted under similar conditions (random seed = 999, same
initial values, number of iterations = 100). Each parameter was optimized one by one, while
the remaining parameters were kept constant at their previously optimized values. The
daily growth rates simulated by the VS model were used to estimate the dates of growth
onset, growth peak, and growth cessation.

2.10. Projecting Spring Phenology Variations in Response to Climate Scenarios

To assess the future evolution of spring phenology, a historical time period (1970–1999)
and two future periods were considered (2030–2069 and 2070–2099) using two emission
scenarios. These RCP4.5 and RCP8.5 scenarios correspond to moderate- and high-emission
pathways and radiative forcing of 4.5 and 8.5 W m−2 in the year 2100, respectively [47,48].
For these three periods, we used historical and projected climate data for the 21st century
(model EC-Earth3; [49]) from the Coupled Model Intercomparison Project Phase 6 [50].

2.11. Statistical Analyses

A comparison of variables (NSCs, wood anatomy) between heated and non-heated trees
was carried out using Mann–Whitney U tests. Trends in monthly climate variables were
assessed using Kendall tests. Climate-growth associations were investigated by calculating
bootstrapped Pearson correlations, with 999 replicates, between series of ring-width indices
(residual chronologies) and monthly climatic variables (mean temperatures, precipitation, and
soil water content) from the previous October to the current November of the year of tree-ring
formation and also considering seasonal variables during the growing season (May–June,
June–July). A similar analysis was conducted for the mean series of oak earlywood vessel
diameter considering monthly climate variables during the period 2000–2020. This was carried
out using the treeclim R package version 4.4.3 [51]. To pinpoint the main climate drivers of
seasonal wood formation, an additional analysis was carried out using mean maximum and
minimum temperatures and total precipitation. We used the climwin R package to analyze
the relationships between daily climate data and seasonal growth indices (earlywood and
latewood widths), assuming linear relationships [52–54]. These analyses were carried out for
the common period 1961–2009. Briefly, all the possible climate windows were tested, and the
model with the best climate window that minimized the difference between the corrected
Akaike Information Criterion (AICc) of the selected model and the AICc of the null model
(only with intercept) was selected [55]. Therefore, the lower the ∆AICc values, the better
the fit. Randomization tests were based on 1000 repetitions, which allowed us to obtain a
probability value (pAICc) determining the likelihood that the ∆AICc value of the selected
model was found by chance [53]. Climwin analyses were carried out using the “Magerit”
High Performance Computer (Universidad Politécnica de Madrid, Madrid, Spain).

3. Results
3.1. Leaf Phenology

Leaf flushing occurred earlier in the oak (middle May) than in the two pine species
(late May) (Table 1). Fully unfolded leaves were observed in late May and mid- to late June
in the oak and pine species, respectively. The onset of xylem activity was observed from
early to mid-April in P. pinaster and Q. pyrenaica, respectively, to early May in P. sylvestris.
We did not find significant differences in leaf phenophases between heated and non-heated
individuals, but heated P. pinaster and Q. pyrenaica trees presented significantly (p < 0.05)



Forests 2025, 16, 1080 9 of 23

earlier onsets of xylem formation, 8 and 5 days earlier on average, than their non-heated
conspecifics (Table 1).

3.2. Growth, Wood Anatomy, and Responses to Climate

Since the 1950s, both monthly minimum and maximum temperatures have signifi-
cantly increased (Kendall t-tests, p < 0.05), whereas precipitation showed no significant
trend. The 2012–2013 winter was preceded by very warm and dry spring conditions
(Figures S4 and S5). The year 2012 was characterized by a very dry spring with a cumu-
lative water balance from January to April of −147 mm, whereas the mean value for the
period 2002–2011 was −25 mm.

The two pine species, maritime pine (2.8 mm) and Scots pine (3.1 mm), exhibited
wider average ring widths compared to Spanish oak (1.9 mm) (Table 2). Maritime pine
also showed the highest values for first-order autocorrelation (AR1), mean sensitivity
(MS), and mean correlation among ring-width series, indicating strong environmental
sensitivity, while Spanish oak had the lowest AR1 and MS. All three species showed
high EPS values above 0.95, reflecting strong intraspecific growth coherence. Significant
correlations between residual chronologies included Q. pyrenaica with P. pinaster (r = 0.69),
Q. pyrenaica with P. sylvestris (r = 0.67), and a particularly strong correlation between pines
(r = 0.89), highlighting their similar growth responses to environmental conditions.

At monthly to seasonal scales, climate-growth correlations revealed that growth was
constrained by low temperatures in February and by high temperatures in June and July
(Table 3). For both pine species, the highest correlation between temperature and growth
was found in February (r = 0.52–0.58), whereas the strongest correlation in absolute terms
was found in June–July (r = −0.52) for Q. pyrenaica. The highest correlations for precip-
itation (r = 0.60–0.68) were found in May–June. The highest climate–growth correlation
was found for soil water content in July (r = 0.77–0.84). Significant positive correlations
between soil water content and growth were found from the previous December until the
current November.

Table 3. Bootstrapped Pearson correlation coefficients calculated between ring-width chronologies
and monthly climate variables (Tmean, mean temperature; Pre, total precipitation; SWC, soil water
content) for the period 1965–2009. Correlations were obtained from November of the previous year
(in lowercase) to current November (in uppercase) and for May–July (MJ) and June–July (JJ).

Variable Species nov. dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. MJ JJ

Tmean
P. pinaster 0.19 0.31

* 0.22 0.52
***

0.08 0.14 −0.24 −0.36
*

−0.40
** −0.02 0.17 0.00 −0.25 −0.42

**
−0.44

**

P. sylvestris 0.19 0.24 0.10 0.58
***

0.00 0.12 −0.27
*

−0.34
*

−0.48
*** −0.02 0.25 * 0.06 −0.35

**
−0.45

***
−0.46

***

Q. pyrenaica 0.10 0.09 0.11 0.38
** −0.02 0.13 −0.08 −0.47

***
−0.42

** 0.00 0.15 −0.14 −0.23 −0.41
***

−0.52
***

Pre
P. pinaster 0.25

*
0.31

*
0.39
** 0.22 −0.07 0.37

**
0.48
***

0.43
***

0.36
** −0.01 −0.10 −0.11 −0.07 0.64

***

0.51
***

P. sylvestris 0.18 0.33
*

0.39
** 0.14 0.01 0.30

*
0.53
***

0.43
**

0.41
*** −0.03 −0.23 −0.12 −0.08 0.68

***

0.54
***

Q. pyrenaica 0.25
*

0.33
* 0.32 0.13 −0.03 0.32

*
0.37
***

0.50
*** 0.35 −0.09 −0.06 0.03 0.07 0.60

***

0.55
***

SWC
P. pinaster 0.11 0.29

*
0.41
**

0.41
***

0.33
**

0.48
***

0.68
***

0.74
***

0.80
***

0.68
***

0.54
*** 0.30 * 0.20 0.78

***
0.79
***

P. sylvestris 0.10 0.30
*

0.41
***

0.39
**

0.34
**

0.46
***

0.69
***

0.74
***

0.84
***

0.69
***

0.47
*** 0.24 0.15 0.80

***
0.81
***

Q. pyrenaica 0.18 0.37
**

0.42
**

0.39
**

0.34
*

0.46
***

0.59
***

0.70
***

0.77
***

0.60
***

0.49
***

0.37
*** 0.34 * 0.73

***
0.76
***

Significant (p < 0.05) correlations are shown in bold with a grey background, and asterisks indicate the significance
levels (* p < 0.05; ** p < 0.01; *** p < 0.001). The underlined values indicate the highest correlation for each variable
and species.
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Climwin analyses revealed that precipitation from the prior winter to June was the
main driver of earlywood production in the two pine species, whereas latewood width was
enhanced by high precipitation from May to September in the three species (Table 4). In
fact, the longest climate windows corresponded to the relationships between precipitation
and earlywood width in the pine species (P. sylvestris, 161 days; P. pinaster, 270 days). High
minimum temperatures from January to March enhanced earlywood production in pines,
but this effect was not significant in the oak. In contrast, elevated maximum temperatures
during the growing season reduced earlywood and latewood production in both pine
species. Finally, earlywood vessel diameter showed a negative correlation with minimum
February temperatures (r = −0.57, p = 0.007; Figure S6).

Table 4. Climwin analyses between seasonal growth (earlywood and latewood width indices) and
daily climate variables (Tmin, mean minimum temperature; Tmax, mean maximum temperature;
Prec, total precipitation).

Species Variable Climate
Variable ∆AICc Windows

Open
Windows

Close p-Value Coefficient R2 pAICc

P. sylvestris Earlywood width Tmin −11.64 11 63 0.000 0.088 0.247 0.035
Tmax −15.12 78 211 0.000 −0.097 0.299 0.005
Prec −28.84 13 174 0.000 0.292 0.470 <0.001

Latewood width Tmin −13.27 16 77 0.000 0.119 0.272 0.023
Tmax −20.68 177 207 0.000 −0.084 0.374 0.002
Prec −20.09 141 246 0.000 0.317 0.366 0.004

P. pinaster Earlywood width Tmin −19.29 7 64 0.000 0.128 0.356 <0.001
Tmax −18.48 144 211 0.000 −0.091 0.345 0.003

Prec −41.02 275 (t −
1) 180 0.000 0.521 0.587 <0.001

Latewood width Tmin −16.19 15 77 0.000 0.124 0.314 0.008
Tmax −8.66 177 209 0.001 −0.061 0.200 0.140
Prec −29.73 179 262 0.000 0.345 0.480 <0.001

Q. pyrenaica Earlywood width Tmin −10.23 27 57 0.001 0.055 0.167 0.105
Tmax −7.3 108 160 0.003 −0.049 0.640 0.394
Prec −6.65 187 229 0.004 0.376 0.618 0.681

Latewood width Tmin −8.57 105 266 0.001 0.055 0.724 0.160
Tmax −9.12 162 205 0.001 −0.049 0.175 0.097
Prec −26.34 140 179 0.000 0.148 0.384 0.001

∆AICc is the difference between the AICc of the fitted linear model and the null model; windows open and close
to show the selected climate window (in days of the year) from the prior (t−1) to the current or growth (t) year; p
is the probability value of the fitted model; coefficient and R2 refer to the model values; and pAICc is the p-value
of the randomization test (probability of obtaining a similar ∆AICc value by chance). R2 values of those models
where the randomization test is significant are marked in bold with a grey background.

3.3. Responses to Stem Heating: Growth, Sapwood NSCs, and Wood Anatomy

In all species, the ring width was narrow during the dry-warm 2012, as happened in
previous dry years such as 2005 (Figure 2). In 2013, heated pines showed wider rings than
non-heated trees (P. sylvestris, U = 0.03, p = 0.002; P. pinaster, U = 0.06, p = 0.008), a difference
that amplified the following year (U = 0.01, p = 0.001; Figure 2). In contrast, Q. pyrenaica
showed no significant differences in ring-width between heated and non-heated trees in
2013, but it did in 2014, when heated oaks produced wider rings compared to non-heated
trees (U = 0.01, p < 0.001), suggesting a one-year lag in the growth response to increased
stem temperature (Figure 2).
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Figure 2. Series of tree-ring widths in the three study species considering heated (filled symbols)
and non-heated (empty symbols) individuals. Values are means ± standard error (SE). The vertical
dashed line indicates the stem heating during the 2012–2013 winter.

Sapwood NSC concentrations varied between species (Figure 3). In P. sylvestris, soluble
sugar concentrations generally increased over time, but no significant differences were
observed between heated and non-heated trees (Figure 3). In P. pinaster, soluble sugar
concentrations were consistently higher in heated trees compared to non-heated trees
(U = 0.10, p = 0.029). No significant difference was found in Q. pyrenaica, which showed a
decline in sugar concentrations prior to leaf flushing. In the case of starch concentrations,
P. sylvestris remained relatively stable throughout the growing season, with no significant
differences between treatments. In P. pinaster, starch concentrations were lower in heated
than in non-heated trees (U = 1.75, p = 0.044). In Q. pyrenaica, starch concentrations declined
slightly over time, with non-heated trees showing again higher values than heated trees
(U = 2.00, p = 0.032).

In Q. pyrenaica, local stem heating triggered the formation of smaller earlywood vessels
and epicormic shoots the following growing season in the heated stem portion (Figure 4).
Earlywood vessel features such as diameter (U = 0.03, p = 0.002), density (U = 0.05, p = 0.007),
Dh (U = 0.06, p = 0.008), and Kp (U = 0.10, p = 0.009) were affected by the stem heating
(Figure 4). All variables decreased in 2013, except vessel density, which increased. These
differences were amplified when considering the lumen area of the largest earlywood
vessels, which was smaller in heated than in non-heated trees (U = 0.01, p = 0.001), while
no differences were observed before and after the treatment (Figure S7). The heating
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treatment significantly reduced the lumen area in both pine species, with the effect being
more pronounced in P. pinaster than in P. sylvestris (Figures 5 and 6). In contrast, the
response of CWT to stem heating differed between the pine species. In P. pinaster, the CWT
was significantly lower in heated trees compared to non-heated trees. Conversely, in P.
sylvestris, the CWT increased significantly in heated trees as compared to their non-heated
counterparts.
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Figure 3. Concentrations of sapwood soluble sugars and starch during the growing season (DOYs
105–150) in heated (filled bars) and non-heated (empty bars) individuals. Values are means ± SE.
Plots filled in grey indicate significant (p < 0.05) differences between heated and non-heated trees.
Arrows show the flushing dates.

(a) 

 
(b) 

Figure 4. (a) Impact of local stem heating on earlywood anatomy of the 2013 ring in Quercus pyrenaica,
which was characterized by smaller earlywood vessels, and (b) view of an epicormic shoot developed
in the heated portion of the stem. In the upper plot, some narrow (2012), normal (2015), and wide
(2010) rings are indicated in addition to the 2013 post-heating ring.
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Figure 5. Changes of several earlywood (EW) anatomical parameters measured in the Quercus
pyrenaica individuals after localized stem heating during the winter-spring 2012 season: (a) vessel
diameter, (b) vessel density, (c) hydraulic diameter, and (d) potential hydraulic conductivity (Kp).
Values are means ± SE.
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Figure 6. Comparison of lumen area (left panels) and cell-wall thickness (CWT; right panels) in
heated and non-heated trees for Pinus pinaster (a) and Pinus sylvestris (b). Boxplots display the median
(horizontal line), interquartile range (boxes), and outliers (dots). Significant differences between
heated and non-heated trees are indicated by U and p values (Mann–Whitney tests).
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3.4. Models of Radial Growth

The Vaganov-Shashkin (VS) model successfully reproduced the growth variability
of the studied tree species, with significant correlations ranging from r = 0.79 to r = 0.87
between observed and simulated ring-width chronologies (Table S2). Simulated growth
onset, using the refined VS model, shifted earlier in both emission scenarios for the studied
species (Figure 7). For P. pinaster, the shift was most pronounced, with the density peaks
moving earlier into the growing season, particularly under the high-emission RCP 8.5
scenario for the 2070–2099 period (Figure 7). In the case of P. sylvestris, it exhibited a
smaller shift but still showed earlier growth onset under both future scenarios. Quercus
pyrenaica showed intermediate shifts between the two pine species, with the RCP 4.5
distribution staying closer to historical patterns, while the RCP 8.5 scenario led to a more
substantial advance.

 
Figure 7. Density distribution of growth onset timing (day of the year; DOY) simulated by the refined
Vaganov-Shashkin model for Quercus pyrenaica, Pinus pinaster, and Pinus sylvestris under historical
(1970–1999; black) and future climate scenarios for two time periods (2030–2069 and 2070–2099).
Future scenarios include the RCP 4.5 moderate (orange lines) and RCP 8.5 high emissions (red
lines), respectively.

3.5. Forecasting Changes in Growth Phenology

Regression analysis confirmed earlier growth onset with increasing mean annual tem-
perature (Figure 8). Under historical conditions, P. pinaster exhibited the greatest advance-
ment in growth onset, with an average advance of 8.78 days/◦C, followed by Q. pyrenaica
(4.95 days/◦C) and P. sylvestris (4.58 days/◦C) (Table 5). This trend was consistent across
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both emission scenarios. The largest advancements were observed for P. pinaster in the period
2070–2099 under RCP 8.5, with a maximum shift of 10.49 days/◦C (Figure 8). In contrast, P.
sylvestris showed the smallest advancements under future emission scenarios, ranging from
3.01 days/◦C during 2030–2069 under RCP 4.5 to a maximum of 4.83 days/◦C under RCP 8.5
in 2070–2099. The oak species showed intermediate advancements, with values ranging from
3.33 days/◦C (RCP 4.5, 2030–2069) to 5.32 days/◦C (RCP 8.5, 2070–2099).

Figure 8. Relationship between the timing of growth onset (day of the year, DOY) and mean
annual temperature (MAT) simulated by the refined Vaganov-Shashkin model for the three studied
tree species. Results are shown for the moderate (RCP4.5—left plot) and high emission (RCP8.5—
right plot) scenarios. Solid, dashed, and dotted lines represent the historical period (1970–1999),
mid-century future (2030–2069), and late-century future (2070–2099), respectively.

Table 5. Average advancement in days for growth onset per ◦C increase in mean annual temperature
for the three studied species (Quercus pyrenaica, Pinus pinaster, and Pinus sylvestris) under the historical
period (1970–1999) and two emission scenarios (RCP 4.5 and RCP 8.5) and for the periods 2030–2069
and 2070–2099.

Historical RCP 4.5 RCP 8.5

1970–1999 2030–2069 2070–2099 2030–2069 2070–2099

Q. pyrenaica 4.95 3.33 4.09 5.02 5.32
P. pinaster 8.78 5.78 8.78 8.67 10.49

P. sylvestris 4.58 3.01 3.77 4.49 4.83

4. Discussion
Our results show that the responses to winter stem heating treatments and future

climatic scenarios differ among the coexisting pine and oak species, which may be ex-
plained by their different leaf habits and wood anatomy. Species-specific differences in
climate-growth relationships and anatomical responses to stem heating highlight distinct
adaptations to warmer winter-to-spring conditions. However, the similar climate-growth
relationships in the Mediterranean (P. pinaster) and Eurosiberian (P. sylvestris) pine species
also suggest a partial overlap in their ecological niches.

As expected, stem heating advanced cambial resumption and enhanced radial growth
but also triggered the formation of earlywood conduits of smaller transversal lumen area,
a response that was more noticeable in the ring-porous oak species. Furthermore, this
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was supported by the negative association between the oak earlywood vessel diameter
and minimum February temperatures, a finding that agrees with a previous study. Stem
heating also reduced the concentrations of sapwood soluble sugars and increased that of
starch, but the response was only significant in P. pinaster.

We are fully aware that the heating setting, just including two heated trees against
two control non-heated trees per species for only one growing season (2013 spring), greatly
limited the robustness of our conclusions. However, similar studies based on localized
stem treatments were based on similar replication efforts due to the logistic complexity
and cost of these settings (e.g., 2–3 trees [9–12]). Further studies could be based on more
replicated treatments using seedlings or saplings, but this seems to be unfeasible when
dealing with mature trees growing in the field, as in this study.

4.1. Species-Specific Responses to Stem Heating

Stem heating advanced the onset of xylem formation in P. pinaster and Q. pyrenaica
individuals, but dates of leaf unfolding were similar and comparable with climatically
normal years [21,56]. Interestingly, the most responsive species were those showing fore-
casted advancements of xylem growth in response to warmer climate scenarios, particularly
P. pinaster, which is characterized by a very plastic growth response to climate [57]. The
decoupling between leaf and wood phenology may explain why longer growing seasons
do not necessarily translate into enhanced growth [4,19]. For instance, in the seasonally dry
study site, soil water availability from winter to early summer seems to be the main driver
of radial growth [56], as the obtained climate-growth correlations corroborate.

The formation of epicormic shoots in portions of heated stem oaks indicates these trees
responded to stress signals associated with warmer and unusual temperatures during the
early growing season [58]. This response could also be linked to the decrease in sapwood
starch concentrations, being transformed into soluble sugars used for bud reactivation
under stress conditions [59].

In both pine species, heating triggered the formation of wider rings in the year (2013)
following the winter heating (2012–2013) and also in the following year (2014), indicating a
very fast growth response. In contrast, the oak exhibited a delayed but more pronounced
response, possibly reflecting a lower mobilization of NSCs, at least as compared with
P. pinaster, or a trade-off with other processes, including bud development. The physiologi-
cal processes involved in carbon allocation in Q. pyrenaica may result in a delayed response
to environmental stressors [60]. Notably, the apparent lack of growth response to the stem
heat treatment in Q. pyrenaica was followed by a fast recovery and positive legacy effects
in heated trees. This finding is in line with previous studies showing that Mediterranean
oaks quickly recover after climate extremes such as droughts [61], but in our study such
extremes would correspond to winter high temperatures.

Quercus pyrenaica flushed earlier than pines, and its earlywood and leaf relied on
stored starch, which might explain the decrease in sapwood starch concentrations observed
in heated stems. In this species, starch reserves accumulated during the previous grow-
ing season are crucial for supporting earlywood vessel formation and leaf flushing in
spring [60]. Therefore, starch decreases as the growing season progresses. The lower starch
concentrations in heated trees may reflect an active mobilization of starch into soluble
sugars to meet increased energy demands under elevated temperatures [62].

In the case of P. sylvestris, its higher responsiveness to moderate heat stress in terms
of growth enhancement but more limited sensitivity in terms of lumen area increase may
be due to its adaptation to cooler climates [63,64]. The relative stability of carbohydrate
reserves suggests a conservative strategy that can mitigate the responses to short-term
climatic fluctuations through rapid recovery [65]. In P. sylvestris, sapwood NSCs were not
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significantly affected by the heating and peaked just before the onset of latewood formation
in mid-July, allowing growth and xylogenesis (tracheid maturation and lignification) to
occur during the dry summer [66]. This suggests a conservative carbon use strategy,
focusing on long-term reserve maintenance rather than rapidly reallocating resources in
response to heat. In contrast, P. pinaster is well-adapted to Mediterranean and temperate
climates, showing flexibility in resource allocation that is crucial for coping with the
expected fluctuations in temperature and water availability [57]. This species may allocate
more carbon toward soluble sugars under warm conditions to support growth, osmotic
regulation, or respiration, leading to an increase in soluble sugar concentrations and
reduced starch levels. The decrease in starch concentrations was also observed in heated
Abies sachalinensis stems [1]. However, the relative increase in growth was higher in P.
sylvestris, suggesting that sapwood NSCs in heated P. pinaster are used for other metabolic
adjustments or that P. sylvestris legacy effects of the 2012 droughts were stronger. This
second explanation is supported by climate-growth relationships assessed in the two
pine species along altitudinal gradients [32]. Overall, P. pinaster seems to mobilize or
transform sapwood NSCs in response to changing environmental conditions better than
P. sylvestris [67].

4.2. Climatic Influences on Radial Growth

Temperature and precipitation exhibited contrasting effects on tree growth for the
three species. While February temperatures, May–June precipitation, and July soil water
content positively influenced growth, high summer temperatures constrained growth. This
aligns with the need to surpass a temperature threshold to initiate cambial activity in
spring [68] and the requirement of sufficient soil moisture to maintain cambial activity
during summer [69]. Thus, elevated February temperatures may accelerate the onset of
growth, leading to wider rings, particularly in P. sylvestris. Conversely, high June-July
temperatures can increase evapotranspiration rates, reducing the turgor of cambial cells
and cambial activity [56]. These findings are further supported by the strongest positive
climate-growth correlations observed in May–June for precipitation and in July for soil
water content, which agree with previous studies [21–23].

Soil water content consistently enhanced growth throughout the growing season in
the three studied species, demonstrating the high dependence of radial growth on water
availability. The positive correlation between Q. pyrenaica growth indices and soil water
content in November suggests a lengthening of the growing season, enabling the utilization
of late-season resources and potentially leading to bimodal growth patterns with growth
peaking in spring and autumn (cf. [69]), which may confer resilience after the water-limited
summer. Thus, future research could also investigate if stem heating after summer prolongs
the growing season whenever summer conditions are not too dry.

4.3. Responses of Earlywood Anatomy to Stem Heating: Hydraulic Adjustments

The adjustment of tracheid features in response to stem heating was species-specific,
perhaps reflecting trade-offs between hydraulic efficiency and mechanical support. In
P. pinaster, the main adjustment was the reduction in lumen diameter, whilst cell-wall
thickness showed a smaller but significant decrease. The reduction in tracheid lumen area
may represent an adaptive strategy to maintain water transport efficiency while minimizing
the risk of cavitation, ultimately allowing P. pinaster to sustain growth and productivity
under water-limited conditions, which is crucial in the Mediterranean climate [57]. By
contrast, P. sylvestris also exhibited a reduction in lumen area, albeit smaller, but an increase
in cell-wall thickness, enhancing the resistance to xylem implosion but at the cost of reduced
hydraulic capacity [70]. This response may be driven by a reduction in turgor of cambial
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cells and would prevent xylem collapse under low water potentials associated with warmer
temperatures [71,72]. Similar responses were observed under experimental drought, where
P. sylvestris showed increases in tracheid cell-wall thickness [73], whilst long-term analyses
of quantitative wood anatomy usually revealed a reduction in lumen area due to drought
stress either in pines [74] or in oaks [75].

In Q. pyrenaica, the decrease in earlywood vessel diameter disproportionately reduced
theoretical hydraulic conductivity. As a winter-deciduous ring-porous species, Q. pyrenaica
develops earlywood vessels before bud break, and localized stem heating can trigger
cambial reactivation and the differentiation of initial vessel elements. However, maintaining
the formation of wide vessel elements also depends on bud development, potentially
through the increased supply of auxins [13,21], while latewood development is driven by
an adequate soil water supply later in the growing season [76]. According to these authors,
thinning coppiced Q. pyrenaica stems enhances growth and latewood formation. Therefore,
warmer winter climate conditions leading to reduced earlywood hydraulic conductivity
could condition the positive effect of thinning on formerly coppiced stands of this oak.

Previous studies found an inverse relationship between vessel size in ring-porous
species and late winter temperatures [27,28,77]. High temperatures during quiescence
may alter auxin sensitivity, allowing early-formed vessels to record thermal effects [78].
This differs from the responses of earlywood tracheids to climate in the study species [74],
explaining why some wood types may respond more easily to warmer conditions than
others [79]. Nevertheless, we acknowledge four limitations of our approach. First, the
localized stem heating did not impact other major organs such as twigs, leaves, or roots.
Heating a part of the stem at 1.3 m is a very simple approach to mimic the exposure
of entire trees to warmer conditions. Nonetheless, this approach has been proven to
be efficient for advancing xylem phenology, which is one of the main focuses of our
study [6]. In addition, the heating treatment lasted the entire winter and involved high
stem temperatures (18−22 ◦C), which may not be realistic given that low cold temperatures
are common in the study area during winter. Such exceptionally warmer conditions could
explain the changes observed in NSCs such as the increase in soluble sugars in P. pinaster
because of starch use for respiration or as a source for osmolytes. In the future, more
realistic heating treatments could be applied by keeping cold night temperatures or just
applying the heating in late winter, prior to xylem onset. Second, the reduced number of
heated stems, imposed by evident logistic restrictions linked to working with adult trees in
the field, limits the robustness and replicability of our conclusions. Third, there could be
some mechanical and non-mechanical effects (increase in humidity or CO2) on the stem
and cambium from the heating devices (heater sheets) wrapped around the stem. However,
we think the influences of these artifacts can be ruled out because we used flexible silicone,
which did not exert strong pressure or compression on the stem surface, and heaters were
checked and ventilated biweekly. Fourth, we did not measure several wood anatomical
and chemical variables, which would be interesting to consider in further research (e.g.,
number and area occupied by vessels, content of structural polysaccharides and lignin).

4.4. Implications for Spring Phenology and Tree Growth Under Warmer Climate Scenarios

The projections based on the Vaganov-Shashkin model suggest significant shifts in
spring phenological events under future warming scenarios. These forecasts agree with ob-
served advances in spring leaf onset [80,81] and with the expectation of a longer vegetative
season [82]. From the three studied species, P. pinaster is the most responsive to temperature
rise since it is expected that it can advance growth onset by ca. 10 days under RCP 8.5.
Furthermore, the forecasted advancement of the xylem onset date was supported by the
stem heating experiment. The advance of spring phenology in P. pinaster may allow it to
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take advantage of a longer thermal growing season but also raises concerns about increased
exposure to late-spring frost and drought risks. In contrast, P. sylvestris showed smaller
phenological shifts, potentially limiting its capacity to benefit from extended growing sea-
sons. This low responsiveness of P. sylvestris may be a consequence of its wide latitudinal
distribution and the need for longer photoperiods to reduce the risk of frost, which also
depends on previous chilling [21]. The advances in spring phenology for Q. pyrenaica
demonstrated intermediate shifts in comparison with the two pine species, highlighting its
potential as a resilient species under moderate winter-spring warming scenarios.

5. Conclusions
The responses of radial growth to stem heating indicate that pines may show a rapid

and more sustained growth enhancement from heating, while the oak species presented a
delayed but potentially stronger response in terms of growth rate. Xylem onset occurred
earlier in response to winter stem heating in the case of P. pinaster and Q. pyrenaica, which
also induced the formation of epicormic shoots in the oak. Our findings highlight species-
specific responses of wood anatomy to stem heating, with P. pinaster showing reductions in
both lumen area and cell-wall thickness, while P. sylvestris exhibited a trade-off between
reduced lumen area and increased cell-wall thickness. In general, stem heating reduced
the lumen area of earlywood conduits, which would lead to a decrease in the stem’s
theoretical hydraulic conductivity. Projections indicating earlier xylem growth onset in
spring in response to warmer winter-spring conditions should be critically viewed by
considering experimental findings, as those presented here, which indicate growth increases
but negative impacts on theoretical hydraulic conductivity.
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heater sheets; Figure S3. Comparison of stem temperatures in heated and non-heated trees with air
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growing season, temperatures were significantly (p < 0.05) higher in March, May, and June, but lower
in February, than in the 1950–2011 period; Figure S5. The late winter and early spring of 2012 was
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to March; Figure S6. Negative correlation found between February minimum temperature and Q.
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lumen area (z-scores) of the largest earlywood vessels for heated (orange) and non-heated (green)
Quercus pyrenaica trees from 2008 to 2018.
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