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HIGHLIGHTS GRAPHICAL ABSTRACT

e We investigated Pinus cembra xylem
anatomy at 6 sites in the Alps and

Carpathians We sampled 6 sites across the longitudinal
: distribution of Pinus cembra

e Climate responses were consistent
across sites, but varied over the study
period.

o At all sites, we observed negative effect
of high temperature on cell lumen area.

e Climate warming can harm xylem hy-
draulic system of P. cembra in its entire
range.

The climatic responses of the anatomical
features were very similar between the regions,
although they changed over time.

Chronologies of anatomical traits were
distinct between Alps and Carpathians

ARTICLE INFO ABSTRACT

Editor: Elena Paoletti Climate change impacts on forest trees will be particularly severe for relict species endemic to the subalpine
forest, such as Pinus cembra in the Alps and Carpathians. Most current knowledge about the response of this

Keywords: species to climate comes from tree-ring width analysis. However, this approach cannot perform in-depth and

Climate change
Degree days
Dendroanatomy

highly time-resolved analysis on the climate influence on specific growth processes and xylem functions. We
analyzed xylem anatomical traits from six sites covering most of the longitudinal range of this species. Associ-
Pinus cembra ations between climate and cell number, lumen area and cell wall thickness were computed for the 1920-2010
Swiss stone pine period using climate records aligned to degree-day temperature sum thresholds. The anatomical chronologies
Xylem were clearly distinct between the Alps and Carpathians. However, climate responses were similar for all sites,
suggesting common species-specific response mechanisms. Temperature showed a positive correlation with both
cell number and cell wall thickness. Cell lumen size exhibited an early positive association, followed by strong
negative association with temperature and a positive one with precipitation. This highlights that the cell
enlargement process was negatively related to high temperature at high elevation, where meristematic processes
are rather supposed to be constrained by low temperatures. Therefore, long-term climate warming can have
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negative consequences on the xylem potential to transport water at all investigated sites. Moreover, in the last 30
years, we observed a slight anticipation of some responses and a decrease in climate sensitivity of some xylem
parameters. Our findings provide evidence of temporally unstable but spatially consistent climate response of
Pinus cembra from the Alps to the Carpathians. The low diversity in xylem phenotypic responses to climate
suggests that future warming could extensively and evenly affect the species throughout its entire distribution.

1. Introduction

Recent global warming is strongly affecting plant performance,
growth and distribution, especially in heat-limited environments
(Harsch et al., 2009, Hagedorn et al., 2014, Lamprecht et al., 2018, Allan
et al., 2021), with direct effects also on ecosystems structural and
biodiversity attributes (Holtmeier and Broll, 2007). In Europe the start
of the growing season is advancing by 2.5 days/decade, with consequent
advance of the phenological phases (Parmesan and Yohe, 2003; Menzel
et al., 2006; Vitasse et al., 2021). Within the Alpine region, isotherms
moved upward in the last century as result of increasing temperature
(Grace et al., 2002; Rubel et al., 2017). Since one of the major global
effects of warming at high elevation is to enhance tree radial growth
(Camarero et al., 2021), we might expect significant consequences also
in the European mountain forests. However, responses of high-elevation
tree species to temperature are highly heterogeneous and not always a
direct consequence of increasing temperature, since other factors, such
as water availability or soil conditions, can play an important role
(Harsch et al., 2009; Isaac-Renton et al., 2018; Fajardo et al., 2019). For
example, many conifer species growing at the northern treeline showed
a negative association between radial growth and warming, likely due to
moisture limitation (Lloyd and Fastie, 2002; Girardin et al., 2014;
D'Orangeville et al., 2018). Additionally, even precipitation will likely
be altered in the near future, though with a more heterogeneous and less
clear pattern than temperature (Allan et al., 2021). This leads to future
predictions that are far from linear and emphasizes the need for a
comprehensive understanding of tree responses to climatic factors.

Pinus cembra L. is a glacial relict conifer, endemic to the Alps and
Carpathians and is a typical high-elevation tree species, mostly impor-
tant for biodiversity conservation, soil and avalanche protection and
natural landscape preservation. Its confined distribution range resulted
from post-glacial competition with other species, anthropogenic pres-
sure, and seed dispersal issues (Tomback et al., 1993; Casalegno et al.,
2010; San-Miguel-Ayanz et al., 2016; Neuschulz et al., 2018). The

current Carpathian and Alpine populations seem to share a common
gene pool, indicating a previous spatially continuous distribution (Hohn
etal., 2009; Dauphin et al., 2020). In the context of the modern warming
scenario, at the lower distribution limits, this species will likely be
outcompeted by the coexisting Picea abies L. Karst. and Larix decidua
Mill. while, at high elevation, the expansion of new patches is already
documented (Lingua et al., 2008; Casalegno et al., 2010). This upward
shift of the upper forest limit (Gehrig-Fasel et al., 2007) might imply a
consequent progressive upward confinement of Pinus cembra. Therefore,
despite the potential gains for growth due to warming conditions, Pinus
cembra may also be threatened by other side-effects of climate change.
Yet, future responses to climatic factors for this species are still uncer-
tain, especially from the spatial and temporal variability point of view.
The radial growth of actual treeline species is predicted to decouple from
temperature (Camarero et al., 2021). However, the small area of
continuous distribution and the high number of isolated populations
that characterize this taxon make predicting its future distribution
challenging (San-Miguel-Ayanz et al., 2016).

Climate-growth responses of high-elevation tree species have usually
been explored through tree-ring width analysis (e.g. Frank and Esper,
2005; Camarero et al., 2021). Recently, retrospective quantitative wood
anatomy (dendroanatomy) disclosed its potential in revealing climate-
influence on tree species not evident with classical approaches (Arzac
et al., 2021; Lange et al., 2020). In fact, different anatomical traits are
related to different xylogenetic phases (cell formation, cell enlargement
and wall thickening). This may result, within the growing season, in a
partial temporal separation between traits during xylogenesis (Rossi
et al., 2016), which may stem from different responses to climatic fac-
tors (De Micco et al., 2019; Borghetti et al., 2020). Moreover, xylem
traits can be investigated at the intra-ring level, allowing intra-seasonal
climate responses to be detected with an unprecedented definition not
reachable with any classical tree-ring parameters (Castagneri et al.,
2017; Pérez-de-Lis et al., 2022). Yet, until now no studies aimed to
investigate the spatial pattern of climate-anatomical associations at high
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Fig. 1. Sampling sites (red dots) and distribution range of Pinus cembra (dark yellow area). Sources ESRI Terrain and www.euforgen.org.
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Table 1
Yearly and April-to-September mean maximum temperature (Tmax; °C) and
precipitation sum (mm) for all sites for the period 1920-2010.

Site Tmax (°C) Precipitation (mm)
Year Apr-Sep Year Apr-Sep

Aleve 6.9 11.4 871 482
Ventina 5.8 10.5 1122 674
Martello 4.5 9.5 942 567
Croda 5.7 10.6 1157 725
Calimani 8.6 15.9 715 490
Retezat 8.6 15.7 794 479

elevation dealt with a broad site network of xylem anatomical traits. To
this end, we selected Pinus cembra as one of the most iconic mountain
conifers across Europe known for its narrow and distinctive distribution
range, which is confined to the subalpine belt in parts of the Alps and to
some high-elevation regions of the Carpathians (Ulber et al., 2004). This
allowed us to establish the first network encompassing large part of the
distribution range of a species, aiming to investigate xylem anatomical
associations with temperature and precipitation records at sub-monthly
resolution. We aimed to understand i) if the climate influence on xylem
traits of Pinus cembra is spatially consistent between disjointed sites and
regions and ii) if it is possible to detect any sign of misfitting potentially
linked to current climate warming. We hypothesize I) that most xylem
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traits, population-wise, are sensitive to summer temperature, heat being
the key limiting factor for plant tissue formation at high elevation; (II)
the presence of some geographically-related difference in climate-
growth response patterns, given the distance between the Alps and
Carpathians and (III) given the recent global warming, a relaxation of
the temperature constraints on xylem traits in the last decades.

2. Materials and methods
2.1. Study sites and sample collection

We selected six sites at high elevation covering the longitudinal
range of Pinus cembra (Fig. 1). Four sites in the Alps (Italy): Aleve (44.61
N, 7.04 E; 2100 m a.s.l.), Ventina (46.29 N, 9.79 E; 2200 m a.s.l.),
Martello (46.53 N, 10.72 E; 2280 m a.s.l.) and Croda da Lago (46.48 N,
12.10 E; 2100 m a.s.l.); and two in the Carpathians (Romania): Retezat
(45.39 N, 22.89 E; 1780 m a.s.l.) and Calimani (47.10 N, 25.24 E; 1700
m a.s.l.). At each site we selected 20 dominant trees growing on similar
environmental settings in terms of microclimate, topography and sub-
strate, and collected one 10-mm core at breast height (1.30 m above the
ground).

Temperature regimes exhibit a classical bell curve pattern, with a
peak occurring between late July and early August at all sites. However,
in the Carpathians, temperatures are higher during summertime
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Fig. 2. (A) Loading plot of the principal component analysis (PCA) performed with all measured traits, i.e., mean tree-ring width (TRW), cell number (CN), mean
lumen area (MLA), lumen area at 95 % percentile (LA95), radial and tangential cell wall thickness (RCWT, TCWT), total cell wall thickness (CWT) and cell wall area
(CWA), in all sites together. (B) Loading plots of the principal component analysis performed with mean lumen area, radial cell wall thickness and cell number

chronologies of the six investigated sites separately.
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compared to the Alps, and there is a larger temperature range between
summer and winter months, indicating more continental conditions. The
Alps feature a higher yearly precipitation sum than the Carpathians,
while the precipitation regime is highly variable between sites and re-
gions (Table 1; Supplementary Fig. 1; Supplementary Table 1. We used
climatic data from the E-OBS gridded dataset (Cornes et al., 2018) for
the Carpathians, and from the last homogenized Italian daily-climate
dataset as described in Brunetti et al., 2004, 2006 for the Alps.

2.2. Samples processing

In the laboratory, cores were first sanded with progressive grid
sandpaper and ring widths measured to the nearest 0.01 mm with
TsapWin software (Rinntech, Heidelberg, Germany). Individual series
were then crossdated following standard dendrochronological proced-
ures (Stokes and Smiley, 1968; Cook and Kairiukstis, 1990) and finally
checked for dating and measuring errors using the COFECHA program
(Holmes, 1983). The cores with no visible defects (torsion, cracks, knots,
missing or rotten parts, etc.) were selected for anatomical analysis. We
applied the standard protocol (von Arx et al., 2016) following these
steps: i) cores were split in ca. 5 cm segments, from which 10 pm
transverse sections were cut using a rotary microtome (Leica, Heidel-
berg, Germany); ii) slices were then stained with safranin (1 % in
distilled water) and fixed to create permanent slides with Eukitt
mounting medium (BiOptica, Milan, Italy) and iii) microscopic digital
images were collected at 100x magnification (resolution 1.99 pixel/pm
or 0.502 pm/pixel; D-sight by A. Menarini Diagnostic s.r.l. Florence,
Italy). Images were later analyzed through the ROXAS v3.0 software that
provides measurements of a vast array of anatomical traits (von Arx and
Carrer, 2014; Prendin et al., 2017). Besides tree-ring width (TRW), we
considered the following anatomical parameters in each ring: cell
number (CN) in an area with fixed tangential width of 1 mm and a
variable radial length corresponding to the ring width (Castagneri et al.,
2015), mean lumen area (MLA), lumen area at 95 % percentile (LA95),
radial and tangential cell wall thickness (RCWT, TCWT), total cell wall
thickness (CWT) and cell wall area (CWA).

To increase the resolution of the associations between climate and
anatomical traits and having the relative position of each cell within
each dated ring, every ring was split into 10 tangential sectors of equal
width (Castagneri et al., 2017) ranging from the 1st sector at the
beginning of the earlywood to the 10th sector that corresponds to the
final part of the latewood. For each sector, we assessed the median of cell
size parameters (i.e. excluding CN). All the resulting series were then
standardized to remove age/size related trends (Cook and Kairiukstis,
1990; Carrer et al., 2015) using a smoothing spline with 50 % frequency
cut-off of 30 years. For each sector and anatomical trait, individual
detrended series were finally averaged at site level by bi-weight robust
mean to build the mean site anatomical chronologies using the R
package dplR (Bunn, 2008). Since climate series can have long-term
trends that can affect climate correlations, climate data series were
detrended using the same spline function used for wood anatomical
series (Ols et al., 2023).

2.3. Data analysis

We performed principal component analysis (PCA; Abdi and Wil-
liams, 2010) on the correlation matrix at two stages. The first PCA was
run with all anatomical traits (MLA, LA95, CN, TRW, CWA, RCWT,
TCWT, CWT) considering both single sites and all sites together to
explore the relationships among traits (Fig. 2A). Based on these results,
to avoid redundancy for the successive analyses we selected three
representative traits: MLA (related to the cell enlargement phase and
hydraulic transport), CN (related to cambial activity, stem growth and
carbon stock), and RCWT (related to cell wall thickening phase, stem
mechanical support and carbon stock). We performed the second PCA on
the three selected parameters to assess the spatial variability of
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anatomical chronologies between sites. According to these results
(Fig. 2B), in the following analysis we aggregated the four Alpine and
two Carpathians sites, averaging both the standardized anatomical
chronologies and the corresponding climatic series.

Climate/anatomical trait associations were assessed by computing
the correlation between trait chronologies (MLA, RCWT and CN) and
minimum, maximum, and mean daily temperature and precipitation
series considering time windows of 15, 20 and 30 days at daily step.
Instead of considering climatic records aligned in the conventional way,
i.e. to the calendar day of year (DOY), we aligned daily-resolved climate
records to the day when a certain degree-day (DD) temperature sum was
reached in each year. The temperature sum was calculated as (McMaster
and Wilhelm, 1997):

- Tm(LX + Tmm
S

i

where j =1, 2, ... m are days with an average temperature higher than
5°C (commonly used as the lower limit for plant growth; Grigorieva
et al., 2010), while Tmax and Tmin are the daily maximum and mini-
mum air temperatures (°C). This approach should improve the identi-
fication of the correct period to consider in the climate-anatomical trait
associations. In fact, xylem phenology does not only depend on the
photoperiod (associated to the DOY), but is highly variable between
years and significantly influenced by the peculiar progression of sea-
sonal temperature (Rossi et al., 2014; Gricar et al., 2014). After testing
different (1) climate parameters, (2) time windows and (3) temperature
sum thresholds, we finally selected (1) precipitation and maximum
temperature, (2) the 20-day window and (3) the temperature sum of 74°
days, on average reached on June 29th (day of the year 180) for the Alps
and the temperature sum of 102° days, on average reached on June 9th
(day of the year 160) for the Carpathians. That is, the “day 0” in each
year was the day when the temperature sum of 74 (Alps) 102 (Carpa-
thians) degree days was reached. All the analyses were performed for the
period 1920-2010, which represents the temporal window covered by
all meteorological and anatomical trait time series and were imple-
mented in R v. 3.1.0 (R Core Team, 2021). Given that precipitation and
maximum temperature may exhibit negative associations, we also con-
ducted a partial correlation analysis to disentangle their effects on xylem
anatomy (Jevsenak, 2020). Specifically, we assessed the connection
between xylem anatomical chronology (the response variable) and,
alternatively, maximum temperature and precipitation (the predictor),
controlling for the effects of, alternatively, precipitation and maximum
temperature (the other predictor), using pcor (Kim and Yi, 2007)
package in R.

To assess the consistency of the temperature-growth correlations
over time we split the 90-year period into two sub-periods defined for
each region after performing the piecewise linear regression on the
April-September temperature records (Yang et al., 2016). This time
window broadly corresponds to the typical xylem growth season for
trees in cold environments (Rossi et al., 2016). Climate responses for all
the xylem traits were then performed for these sub-periods, maintaining
all the settings as for the previous analysis of the whole period.

3. Results

The PCA computed on the standardized site chronologies of MLA,
RCWT and CN highlighted a clear separation between the Alps and
Carpathians. The first two components explained a rather similar per-
centage of variance: 66.6 % for MLA, 62.2 % for RCWT and 57.3 % for
CN (Fig. 2B). Accordingly, in the following analysis we aggregated the
Alpine and Carpathian chronologies.

TRW at Alpine sites were ca. 25 % narrower but less variable with
respect to Carpathian ones, while xylem tracheids in the Alps were
slightly smaller and thicker than in the Carpathians (Supplementary
Table 2).
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Fig. 4. Thin lines represent the standardized (z-scores) series of April-to-
September mean maximum temperature (1920-2010) for the Alps (red) and
Carpathians (blue), while thick lines represent the respective piecewise linear
regression models. Dashed vertical lines indicate the year corresponding to the
detected breakpoints.

The day when the selected degree day sum (74 DD for the Alps and
102 DD for the Carpathians) was reached showed high inter-annual
variability in all sites (Supplementary Fig. 2). Correlations computed
with the DD approach showed clearer patterns along the sectors and
were stronger than those calculated with the DOY approach (e.g. see
Supplementary Fig. 3).

Temperature and precipitation responses of MLA, RCWT and CN
were mostly similar for all the sites (Supplementary Fig. 4 and 5) and in
the two regions (Fig. 3) with all the main significant associations of MLA
and RCWT gradually shifted from early- to late-sectors in a few weeks.
Maximum temperature showed mostly a positive correlation with CN
and RCWT, and with MLA a few days before the day 0, especially in the
Alps. A consistent negative correlation between temperature and MLA
was observed after the day O along all ring sectors. Precipitation
generally showed opposite patterns. Partial correlation analysis in-
dicates that negative correlations of precipitation were mostly related to
correlations with temperature (Supplementary Fig. 6). However, in the
Carpathians CN was positively related to precipitation 25 days before
the day-degree sum threshold was reached. Maximum temperature
extended its influence for a shorter period in the Alps (ca. 20 days for CN
and 60 days for MLA) than in the Carpathians (ca. 60 days for CN and ca.
80 days for MLA).

The piecewise linear regression identified 1978 for the Carpathians
and 1979 for the Alps (Fig. 4) as the year from which a change of trend
slopes occurred. Accordingly, we tested the stability in climate-trait
associations splitting both Alpine and Carpathian climatic and
anatomical time series into two periods: 1920-1979 and 1980-2010.

Despite the correlations with temperature and precipitation retain-
ing the same sign in both sub-periods, a few changes occurred from the
first to the second period (Figs. 5 and 6). We observed reduction of the
positive correlation between maximum temperature and MLA before the
day 0, and of the positive correlation between maximum temperature
and RCWT, in both the Alps and Carpathians. The maximum tempera-
ture signal in the Alps occurred earlier during the second period,
whereas it decreased in the Carpathians.

4. Discussion

By investigating xylem anatomical chronologies of high elevation
Pinus cembra across its whole longitudinal distribution, we found a clear
separation between the Alps and the Carpathians. This reflects the
different climate modes of the two regions, with the Alps mostly influ-
enced by the central European climate and the nearby Mediterranean,
and the Carpathians mostly affected by the inner continental eastern
European mode (Supplementary Figs. 7 and 8). Nonetheless, for all the
investigated xylem traits, response to climate was remarkably consistent
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between the regions, despite the different sites environmental settings,
soils, rock types, stand and disturbance histories. Within a species,
distinct genetic groups (provenances) are expected to show different
responses to environmental constraints (Montwé et al., 2018; Matisons
et al., 2019). Common climate response mechanisms observed in this
study probably reflect the low genetic differentiation between the
Alpine and Carpathian Pinus cembra populations. Indeed, this glacial
relict species shares a common ancient genetic pool, even featuring a
geographical separation in two distinct sub-regions and in many
disjointed areas (Hohn et al., 2009; Gugerli et al., 2023).

Identified temperature sum thresholds were in line with a study on
high-elevation Pinus cembra xylogenesis in Austria (Gruber et al., 2009).
By aligning the climatic series to the degree day temperature sums, we
tuned the climate-growth associations according to the idiosyncratic
behavior of year-to-year temperature variability. This permitted the
climate response of the species to be better highlighted in relation to site
peculiarities. Additionally, the intra-ring approach revealed a temporal
shift of climate responses from the first to last cells in the ring, under-
lying the persisting and significant climate influence on xylem cell for-
mation over time within the growing season in both regions. Climate
association of xylem traits in the Carpathians seemed to start earlier
(early June) than in the Alps (late June) and last longer. This can be
framed considering: i) the more continental climate of the Carpathians,
with stronger temperature difference between winters and summers
with respect to the Alps, and ii) the elevation differences between the
sampling sites (ca. 1700 for the Carpathians and 2150 m a.s.l. for the
Alps), though in both regions these altitudes reflected the current ele-
vational margin of Pinus cembra populations (Casalegno et al., 2010).

Heat limitation usually affects growth of high-elevation species,
including Pinus cembra (Carrer et al., 2007; Normand et al., 2009;
Korner, 2012; Lopez-Saez et al., 2023; Izworska et al., 2023) and
accordingly we observed cell number and cell wall thickness to be
positively affected by air temperature. Partial correlation analysis
showed that the negative relationships of anatomical chronologies with
precipitation were mostly due to the negative correlation between
summer temperature and precipitation. Since cell number is strictly
linked to ring width in conifers (Castagneri et al., 2015) and warming in
temperature-limited environments promote cambial cells division, i.e.
the cell number in the ring (Rossi et al., 2014), with future climate
conditions we could expect an increase in tree radial growth (Gao et al.,
2022), even if this beneficial effect may be transient (D'Orangeville
et al., 2018). Cell wall thickening is known to be positively affected by
summer temperature in cold environments (Bjorklund et al., 2017). In
both the Alps and Carpathians this trait is likely favoured by high
temperature along the whole season, i.e. from the first to last ring sector.
Differently, this positive effect of temperature on wall thickness was
documented just in the latewood in other conifers (Larix decidua and
Picea abies) at the upper tree limit in the Alps (Carrer et al., 2016; Cas-
tagneri et al., 2020). A positive influence of temperatures on the lumen
area was observed, as for other high-elevation species (Carrer et al.,
2016; Castagneri et al., 2017), mostly for the Alpine sites and over a
rather short period, a few weeks before the temperature sum threshold
was reached. However, later on in the season, we detected a prolonged
negative influence of temperature on lumen area, and a positive effect of
precipitation. Similar associations to water stress (due to low water
availability or evapotranspirative stress associated to high tempera-
tures) are typical for drought-prone areas (Pellizzari et al., 2016; Belo-
kopytova et al., 2019). Despite the cell lumen size being strictly linked to
water availability and detracted by water deficit during the xylogenesis
phase (Hsiao, 1973), the negative effect of temperature seems rather
counterintuitive at these high elevation sites, where woody tissue for-
mation is expected to be heat limited (Korner, 2012; but see Cabon et al.,
2020). These signals confirm the high sensitivity of xylem anatomical
traits in recording latent signals of potential stressful conditions due to
water deficit even in temperature-limited regions, as recently detected
in boreal stands of North America (Lange et al., 2020; Puchi et al., 2020).
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Fig. 5. Correlations between xylem anatomical chronologies and daily climate data over the periods 1920-1979 and 1980-2010 for the Alps. Anatomical parameters
are cell lumen area and radial cell wall thickness partitioned in 10 sectors (y-axis), and cell number (entire ring). Climate data are mean maximum temperature
(upper panels) and precipitation sum (lower panels) expressed as 20-day moving windows. On x-axis, the O corresponds to the day when the threshold of 74° days is
reached. Correlations on 20-day moving windows centred 50 days before to 100 days after the day 0 are shown. Coloured areas indicate significant correlations (p <
0.05), ranging from —0.60 (blue) to 0.60 (red).
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Our results represent the first of this type for a high-elevation conifer
across a species geographical range. Nonetheless, we should report the
possible indirect effect of high temperature on lumen area. Indeed,
favourable temperature conditions enhance the kinetics and deposition
of cell wall material, with the direct effect of increasing cell wall
thickness in latewood, reducing lumen area. However, the small size and
small variability of cell wall thickness in the early part of the ring sug-
gests negligible effect of cell wall thickening on the final lumen size in
the earlywood.

Non-stationary relationships between tree-growth proxies and
environment variability have been extensively observed (Wilmking
et al., 2020), and a general temperature-radial growth decoupling at
high-elevation stands has recently been highlighted at global level
(Camarero et al., 2021). In the investigated regions, the 1978-1980
years represent a turning point in the temperature records with a sig-
nificant warming in the following decades. After this turning point, the
climate associations remained consistent in sign but we observed a site-
wise weakening of the positive effects of temperature on xylem traits. A
similar signal weakening was observed in Pinus cembra tree-ring chro-
nologies (Leonelli et al., 2009) and, to a lesser extent, in maximum
latewood density chronologies (Cerrato et al., 2019), at high elevation in
the Central Italian Alps. Increasing temperature at high elevation is
likely causing a relaxation of thermal constraint, not only on radial
growth (i.e. cell formation in the cambium) but also on the processes
(cell enlargement and cell wall thickening) that determine the xylem
structure. In the second period we also observed that the significant
associations occurred a few days before the first one for cell number in
the Alps, suggesting an advance of the phenological phases related to
xylem formation. This indirect evidence agrees with the widely reported
advance of phenological phases of different growth processes observed
at high elevation (Menzel et al., 2006; Vitasse et al., 2018). Anticipated
onset of the cambial activity can be associated to a higher risk of early-
frost events in this species (Kern and Popa, 2008; Gruber et al., 2009).
However, if snowmelt and frost date retreat at a similar rate, the risk of
plant damage would not vary significantly (Klein et al., 2018). More-
over, we observed very few frost rings in the investigated period, and in
general Pinus cembra is considered less prone to frost damage than other
coexisting species, such as Larix decidua, due to delayed sprouting
(Neuner, 2014).

5. Conclusions

Exploring both spatial and temporal variability in the climate
response of tree species is crucial for predicting future scenarios and
making informed management decisions, particularly in vulnerable
environments such as treeline areas and relict species with fragmented
distribution, like Pinus cembra in Europe (Dirnbock et al., 2011). Pre-
vious tree-ring width analyses in the Alps and Carpathians have gener-
ally indicated that the radial growth of high-elevation Pinus cembra
benefits from high summer temperatures (Carrer et al., 2007; Izworska
et al., 2023). Our analysis enabled us to assess the past influence of
climate on the processes that determine xylem structure. While results
on cell number (which mostly determines ring width) confirmed pre-
vious findings, observed association between climate and cell lumen
area suggested that the process of cell enlargement can be negatively
affected by high temperatures. In the long term, this can have a negative
impact on xylem water transport capacity. Notably, despite the distance
between the Alpine and Carpathian populations, the climate response of
xylem traits was almost invariant. The common genetic pool of Pinus
cembra, indicative of a pre-glacial larger and continuous distribution
range (Hohn et al., 2009; Gugerli et al., 2023), could provide the reason
for this convergence. We therefore expect that warming will extensively
and evenly influence xylem formation processes and the resulting xylem
structure across the entire species distribution, including the isolated
populations in the Carpathians. The absence of any populations with
different sensitivity to climate variability can question the future species

Science of the Total Environment 906 (2024) 167512

resistance to climatic change: the potential long-term structural deteri-
oration of the xylem hydraulic system caused by warmer and/or drier
conditions (a major cause of tree dieback, Heres et al., 2014, Pellizzari
et al., 2016) in one region will likely echo on all the others. This
knowledge can help to improve state-of-the-art climate models to
accurately represent this challenging component of the biosphere lying
at the interface between subalpine forests and high-elevation grasslands.
Understanding the dynamics of this area remains crucial for biodiversity
conservation and landscape preservation efforts.
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