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Abstract
Key message  Black pine and Maritime pine exhibit considerable differences in growth phenology across elevation 
belts with a 1-month delay for xylogenesis and increasing growth rates from low, mid to high elevations.
Abstract  Investigating seasonal wood formation is crucial to understand tree growth responses to climate impact. The present 
study quantifies the variability of xylogenesis along an elevation gradient on the Mediterranean island of Corsica, where 
two native pine species (Pinus nigra Arnold ssp. laricio Maire and Pinus pinaster Aiton) grow from the upper tree line to 
sea level, partly in sympatry. We extracted microcores from 35 trees at 5 sites along an East–West transect from the coasts 
(10 m asl) to the island's central mountain ridge (1600 m asl) during bi-weekly sampling campaigns between 2017 and 2019. 
We applied generalised additive models to detect radial growth differences in elevation and species along with minimum 
temperatures for growth initiation. We found that trees in low elevations experienced over 2 months longer growth periods 
with higher maximum growth rates than in high elevations. The results show a 1-month delay for the beginning of tracheid 
formation between the low, mid and high-elevation belts but comparable timing for its termination. At the sites where both 
species co-occur, P. nigra accumulates more radial cells in a shorter time than P. pinaster. Trees at the two contrasting coastal 
sites have similar growth period lengths, but exhibit a time shift of over a month. Minimum temperatures around growth 
initiation vary between 3.1 °C for P. nigra and 9.9 °C for P. pinaster. These findings emphasise the high plasticity in the 
growth behaviour of one of the most widespread tree genera in Mediterranean and temperate zones.

Keywords  Generalised additive models (GAM) · Corsican black pine · Maritime pine · Cambial dynamics · Xylogenesis · 
Mediterranean

Introduction

Tracing intraannual wood formation, a process called 
xylogenesis, is paramount to better understand how tree 
growth responds to climatic influences. Trees experience 
secondary growth (i.e. girth increase of branches, stems 
and roots) to varying extents throughout their lifecycle. 
After creation through cell division in the vascular cam-
bium, the xylem cells oriented towards the pith undergo 
three phases of differentiation (Wilson et al. 1966). In the 
initial phase of radial cell enlargement, the unlignified 
cell walls are composed of cellulose and hemicellulose. 
After cell enlargement is terminated, the secondary cell 
walls are thickened and lignin is incorporated between 
each cell's primary and secondary walls. This cell-wall 
thickening phase is of particular importance for trees, 
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because it enhances the tissue's stability and enables trees 
to become large individuals. Lastly, programmed cell 
death occurs. During this relatively quick process, the cell 
lumen is cleared of its contents, and the water-conducting 
xylem cells become fully functional. The cells are then 
considered mature. The critical dates of each phase's onset, 
cessation and duration are crucial for the organism's devel-
opment (Rathgeber et al. 2016). The differentiation of the 
xylem cells and the occurrence of the different xylogenetic 
phases, however, is a very plastic process that is influenced 
by the environmental conditions during cell formation and 
differentiation. Therefore, precise knowledge about the 
impact of climatic factors on xylogenesis can be helpful 
to develop growth models under expected future climatic 
conditions (e.g. Delpierre et al. 2019). A recent meta-
study considering cambial phenology over the Northern 
Hemisphere has underlined that climatic warming led to 
longer growing seasons in boreal, temperate and Medi-
terranean forests. However, semi-arid and dry subalpine 
forests do not benefit due to water loss and/or more fre-
quent early spring frosts (Gao et al. 2022). Another study, 
investigating spring phenology of Northern Hemisphere 
conifers, identified a mean annual temperature threshold of 
4.9 ± 1.1 °C, above which the response of xylem phenol-
ogy to rising temperatures significantly declines (Huang 
et al. 2023).

Various methods to generate intraannual growth mod-
els based on categorised cell counts have been published. 
Gompertz functions (Rossi et al. 2003) have been used 
extensively, but are not always appropriate due to the rig-
idness of the sigmoid shape. In the past decade, general-
ised additive models (GAM) (Hastie and Tibshirani 1986; 
Cuny et al. 2013; Cocozza et al. 2016) have been intro-
duced, and recently Bayesian regularisation algorithms 
(BRNN) have been proposed (Jevšenak et al. 2022) as an 
instrument to analyse xylogenesis changes throughout the 
growing period and to identify the triggering environmen-
tal factors.

Since the introduction of tools specifically designed to 
collect microcores from the cambial and xylem differen-
tiation zone, like e.g. the Trephor microcorer (Rossi et al. 
2006a; b), studies of tissue formation using microcores have 
been standardised, resulting in an improved insight into the 
process of xylogenesis. During the past decade, xylogenesis 
has been studied in various biomes, e.g. in the tropics (Krep-
kowski et al. 2011; Pumijumnong et al. 2021), in temperate 
environments (Gričar et al. 2014) and in subalpine tree-line 
ecotones (Gruber et al. 2010; Ren et al. 2018). Another 
region of interest is the Mediterranean, with its typically 
warm and dry summers and cool and humid winters. Growth 
periods in the Mediterranean region are longer than in tem-
perate regions, but trees typically show lower growth rates 
(Rathgeber 2019). In climate regimes showing a pronounced 

dry period in summer and a wet autumn, wood formation 
can be interrupted which leads to a bimodal growth pattern. 
However, how exactly this Mediterranean growth pattern 
is triggered by climate factors is not yet fully understood. 
In a water manipulation experiment, Vieira et al. (2020) 
found that additional irrigation in September did not result 
in noticeable differences in xylogenesis in Maritime pine 
(P. pinaster) in Portugal. Moreover, it is not yet known at 
which elevation the climatic conditions triggering a bimodal 
growth pattern are not met anymore. Furthermore, it is not 
clear if the same climate pattern triggers the same xyloge-
netic phases in different species.

The Mediterranean island of Corsica, France, is well 
suited to study tree growth along a broad elevation range. 
Corsican Black pine (Pinus nigra Arnold ssp. laricio Maire 
var. corsicana Loudon) and Maritime pine (Pinus pinaster 
Aiton) naturally occur along different elevation belts span-
ning from sea level to the upper treeline. Recent warming 
has already impacted the maximum latewood density of 
high-elevation Black pines on Corsica (Römer et al. 2021). 
Since Mediterranean climate is predicted to become warmer 
and more arid in the future (IPCC 2022) and Corsican pine 
populations are especially sensitive to drought (Versace et al. 
2022), it remains a central question for tree physiology and 
tree-ring research, how exactly intraannual growth dynamics 
vary within a genus as a function of climate within a region. 
On the mountainous island of Corsica, pronounced climatic 
gradients from Mediterranean to temperate climate regimes 
occur on short horizontal distances along steep elevation 
gradients, providing a suitable setting to study the climatic 
impact on xylogenesis. Insights about growth responses of 
Corsican pines to climate variability have been gained on 
interannual (Häusser et al. 2019) and intraannual scales 
(Häusser et al. 2021), but not yet on a wood-anatomical 
basis. With several years of data, it is possible to provide a 
sufficient database to model radial growth with high accu-
racy on regional scales. Another important open question 
is why and when cold-induced winter and drought-induced 
summer cambial dormancy occurs along the elevation gradi-
ent. One temperature threshold often used to initiate cambial 
activity after winter dormancy in temperate to alpine regions 
is + 5 °C over several consecutive days (Gruber et al. 2009; 
Etzold et al. 2022). The coastal pines on Corsica form tree 
rings which indicates the regular occurrence of a dormant 
season (Häusser et al. 2019), although winter temperatures 
often do not drop below this threshold. Hence, it is not fully 
understood what the climatic limiting factors for cambial 
activation in the Mediterranean lowlands are and when 
exactly cambial inactivity occurs.

This study investigates the relationship between xylo-
genesis and climatic factors. We analysed the intraannual 
growth dynamics of P. nigra and P. pinaster over 3 consecu-
tive years at five sites across an altitudinal gradient on the 
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island of Corsica. With this study design, we were able to 
investigate growth dynamics and their forcing factors under 
Mediterranean, temperate and subalpine climatic conditions 
within one tree genus.

We hypothesised that: (1) the growth periods of Corsican 
pine trees are longer in lower elevation belts than in higher 
elevation belts, due to a longer thermal growing season. (2) 
The maximum growth rates are lower in lower elevation 
belts than in higher elevations. (3) The minimum tempera-
ture for growth initiation after cambial dormancy at higher 
elevations is 5 °C, and coastal pines are dormant in winter.

Through regular microcore sampling, subsequent thin 
sectioning, application of GAMs and on-site weather meas-
urements, we aimed (1) to quantify the variation of xylogen-
esis in Corsican pines along the elevation gradient and (2) 
to reveal possible species-specific differences in xylogenesis 
between the two species. Furthermore, we attempted (3) to 
determine the minimum temperatures for growth initiation.

Methods

Study area, species and study design

Corsica is an island in the western Mediterranean Sea with 
a north to south extension of 180 km and an east to west 
extension of 80 km. With its central mountain massif of 
elevations of up to 2700 m asl, it shows pronounced eleva-
tion gradients towards the east and west. The local climate 
on the island is diverse, depending on elevation and topog-
raphy. The low-elevation belt experiences a characteristic 
Mediterranean climate with precipitation sums between 
600 mm on the west and 800 mm on the east coast, with a 
precipitation peak in autumn and winter and a pronounced 
summer drought lasting from the beginning of June to the 
end of August. Annual mean temperatures are 15–16 °C, 
whilst annual monthly minimum temperatures are around 
10 °C in January and February (MétéoFrance 2020a). With 
increasing elevation, the climatic regime gradually becomes 
more temperate and the drought phase, during the summer 
months, diminishes. The highest available meteorological 
station at 1030 m asl (Evisa, c.f. Fig. 1) records an annual 
mean temperature of 10.3 °C and a precipitation sum of 
1438 mm (average for the period 1981–2010 (MétéoFrance 
2020a). The upper tree-line runs in approximately 1800 m 
asl, where winter temperatures frequently drop below freez-
ing and snow cover can persist over weeks, sometimes well 
into the beginning of spring.

The investigated species are Corsican Black pine (Pinus 
nigra Arnold ssp. laricio Maire) and Maritime pine (Pinus 
pinaster Aiton). Both are native to Corsica and occur in two 
overlapping elevation belts. Pinus nigra (PN) grows from 
around 750 m asl to tree line and P. pinaster (PP) from sea 

level to around 1250 m asl. We monitored 5 trees per species 
at each site, adding up to 35 studied trees. For this study, we 
selected mostly relatively young, but not juvenile dominant 
trees with similar diameters at breast height (DBH) ranging 
from 35 to 45 cm (Fig. 1). Increment core samples of all 
trees were taken and tree-ring widths were measured (see 
Fig. S1 for raw data).

We selected five study sites and named them according 
to the cardinal direction of the slope of the mountain range 
(E = east and W = west) and elevation: below 750 m asl 
(L = low), where only P. pinaster is found, the mixed zone 
where both pine species co-occur between 750 and 1250 m 
asl (M = mid), and above 1250 m asl (H = high), where only 
P. nigra occurs. The highest site is considered subalpine due 
to its close proximity to the tree line. The soils at all sites 
are acidic due to the predominance of granites and other 
metamorphic rocks. However, water holding capacity as a 
consequence of soil depth varies locally. The deepest soils 
were found at the two coastal sites. The eastern site (EL), 
located on an extensive alluvial fan, exhibits a deep podzol, 
whereas we found a well-developed cambisol at the western 
site (WL). Cambisols were also found at the mid-elevation 
sites. The soil at the eastern site (EM) is deeper than the 
one in the west (WM). The soil at the highest site (EH) is 
a shallow podzolic cambisol close to a crest position of a 
mountain range.

Microscopic analyses and GAM fitting

We collected microcores from 35 trees at about 1–1.5 m 
stem height with an increment corer (Trephor; Costruzioni 
Meccaniche Carabin Carlo) to determine the time that each 
xylem cell spent in the different phases of enlargement and 
wall thickening (Rossi et al. 2006b). The sampling spots 
on the stems were separated by 5–10 cm to avoid wound 
effects. Sampling was conducted in total over 33 months 
with 2 years in bi-weekly intervals (April 2017–April 2019) 
and a third vegetation period in monthly intervals (May 
2019–December 2019). Coastal sites were sampled year-
round whereas this was not the case at higher elevation sites 
due to expected growth stop during the winter. Forty-two 
samples (2.4%) had to be rejected because of mechanical 
damages, resulting in a total number of one thousand seven 
hundred and twenty-two samples suitable for analysis.

After extraction from the stems, the samples were placed 
directly in microtubes filled with a 50% ethanol solution for 
transport and storage. In the laboratory, the samples were 
dehydrated with successive immersions in ethanol and 
limonene (ROTI Histol; Carl Roth) and then embedded in 
paraffin blocks (ROTI Plast; Carl Roth). We cut transverse 
sections of 8–12 µm thickness from the embedded micro-
cores with a rotary microtome (RM2245; Leica Biosystems), 
stained them with safranin and astra blue, and permanently 
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mounted them on glass slides for microscopic analyses and 
digital imaging (Smartzoom 5; Carl Zeiss) (Rossi et al. 
2006a).

For each sample, we counted the number of cells (n) in 
the radial enlargement phase (ENL), cell-wall thickening 
phase (CWT) and mature cells (MAT) along five radial cell 
rows and computed means for the respective categories. Raw 
radial file data were checked for consistency and standard-
ised with the previous year's cell count (Rossi et al. 2006a) 
with the 'CAVIAR' package (Rathgeber et al. 2018).

We applied generalised additive models (GAM) to 
detect how cambial activity changed across the island's 
different elevation belts, general aspects and pine species. 
GAMs were calculated for each tree for ENL, CWT and 
MAT phases based on cell count data from all 3 years (for 
single tree GAM statistics, see Table S1 and Fig. S2 for 
model fit). GAM provides an improved and more suitable 
approach than Gompertz functions for modelling intraan-
nual wood formation (Cuny et al. 2013). Gompertz functions 
are asymptotic functions, normally used for monotonically 

increasing growth trends like the accumulation of MAT. 
Due to its ability to model non-linear fluctuations (Hastie 
and Tibshirani 1986), GAM can model cell formation in 
the different development stages of xylogenesis: ENL, CWT 
and MAT. We applied the 'gam' function of the 'mgcv' R 
package (Wood 2011) to create the models of the numbers 
of cells in different phases (nENL, nCWT, nMAT) of each 
tree using the quasi-Poisson distribution family. As shown 
by dendrometer data, there was a significant difference in 
radial tree growth along elevation and aspect between the 
years 2017 and 2018 (Häusser et al. 2021). To remove the 
effect of contrasting climate conditions, remedy the effect 
of missing data in the first 3 months of 2017 and enhance 
model performance, we focussed on fitting cell numbers for 
each tree over the entire study period (2017–2019), result-
ing in single modelled growth trends for each individual 
tree. The model diagnostics were assessed with the R pack-
age 'gratia' (Simpson 2022). Site means of the modelled cell 
numbers (nENL, nCWT, nMAT) and the 95% confidence 
interval for each site were calculated. All statistical analyses 

Fig. 1   Climate diagrams representing the high, middle and low-
elevation belts. Daily data derived from the nearest 0.1° × 0.1° grid 
point of the dataset E-OBS (Cornes et al. 2018) from 1991 to 2020. 
Diagrams are produced with the R-package 'climatol' (Guijarro 2018). 
The table informs about the site features, pine species and sample 
size with biometric details about investigated trees. Site ID's refer to 
the respective cardinal direction (W = west and E = east) and elevation 

belt (H = high, M = medium, and L = low). σ represents standard devi-
ation. Map shows the locations of the study sites (coloured circles). 
The schematic island profile illustrates the studied east–west transect, 
including the elevation ranges of the two pine species (PN = Pinus 
nigra ssp. laricio, PP = Pinus pinaster) with the mixed zone of range 
overlap between 750 and 1250 m asl
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were performed using R software (R Core Team 2022) and 
RStudio (RStudio Team 2021).

From each cell differentiation phase, we determined its 
beginning (b) and cessation (c) of the respective day of the 
year (DOY), and calculated its duration (d) in days as the dif-
ference of (c) and (b). We used nENL to define the growing 
season length at each study site. The beginning (bENL) and 
cessation (cENL) of cambial growth (bENL) is assumed on 
the day of the year (DOY) when nENL surpasses and drops 
below the threshold of one cell. In the same way, we deter-
mined onset (bCWT), termination (cCWT) and duration 
(dCWT) of the cell-wall thickening phase and the onset of 
the mature phase (bMAT). Furthermore, we calculated daily 
growth rates (rENL) of the modelled numbers of enlarging 
cells to derive differences in growth changes between sites.

Recording and processing of meteorological data

We installed automated weather stations (Campbell Sci sta-
tions at EH, EM, and WM; Metek at EL and WL) with a 
mean horizontal distance of 760 m and a mean vertical dis-
tance of 50 m to our tree sites. Temperature, precipitation 
and relative humidity were recorded in high resolution (up 
to every minute) from May 2017 to November 2019. These 
data were then resampled into a daily format, and vapour 
pressure deficit (VPD) was calculated using mean tempera-
ture in the Magnus formula for saturation vapour pressure 
and relative humidity for vapour pressure (WMO 2018). To 
fill the time gap between the collection of tree samples and 
the establishment of the weather stations at the beginning 
of 2017 and other minor gaps in 2019, we used data from 
nearby stations of the French meteorological service Météo-
France (MétéoFrance 2020a).

Three-year averages of daily precipitation, temperature 
and VPD values were calculated to investigate how average 
cambial growth is influenced by meteorological parameters. 
This approach was justified because the climatic conditions 
during the 3 study years were dry, wet and average, and all 
3 years were equally warm compared to the long-term mean 
of the MétéoFrance stations.

Determination of climate–growth relationships

We performed series of correlation analyses using daily pre-
cipitation, temperature and vapour pressure deficit to analyse 
the relationships between the modelled number of cells and 
climate variables, averaged over 3 years, respectively. Pre-
liminary statistical tests showed that the data were not nor-
mally distributed. Hence, we correlated modelled data with 
the daily climate parameters to determine the stem growth 
response to the three climatic variables with Kendall's 
rank correlation coefficient. Climate data were pooled over 
21-day windows with a one-day shift and then correlated 

with site averages of nENL and nCWT. Additionally, rela-
tions between weather conditions and modelled beginnings 
and cessations of enlarging cell phases were established. 
For this calculation, we summarised precipitation, averaged 
temperature and VPD values from 10 days before to 5 days 
after bENL and cENL, respectively.

Results

Modelled cell phases along the elevation gradient

Tissue formation and cell differentiation clearly follow the 
elevation gradient. Trees in the low-elevation belt exhibit the 
onset and maximum of meristematic activity considerably 
earlier than the trees at the mid-elevation belt and especially 
the ones at the highest site (Fig. 2). The difference in begin-
ning of ENL is shifted by at least 1 month between each 
elevation belt. Interestingly, this gradient is not observed 
during growth cessation. Trees at all sites except the coastal 
EL stopped forming new cells at approximately the same 
time around mid-September. Hence, the deduced growing 
season lengths along the elevation gradient vary consid-
erably: coastal sites have an over 50 days longer growing 
period than mid-elevation sites, and these have a 30–40 days 
longer growing period compared to the high-elevation site 
(Table 1). bCWT shows a similar gradient, with an offset of 
at least 1 month between belts of increasing elevation. How-
ever, that is not the case for bMAT. Here, the delay between 
low- and mid-elevation sites is around 60 days, whereas the 
difference between the mid-elevation belt and the high site 
is less than 20 days. All nCWT curves of the high and mid-
elevation sites experience retardation in summer between the 
initial development and their maxima from mid-September 
to early October. Only at high-elevation site EH, CWT is 
completed at the end of the year. At the mid-elevation sites, 
cessation of CWT occurs at the beginning of the following 
year (Table 1).

It is worth to note the much larger difference between 
eastern and western slopes in the low-elevation sites com-
pared to the mid-elevation sites. The tree growth seasonality 
of the low-elevation sites is shifted compared to the mid-
elevation sites, where both pine species coexist (cfr. Fig. 2G 
with D). Whilst cell enlargement in the west (WL) already 
starts in December of the previous year, it is delayed to the 
beginning of February in the east (EL) (Fig. 2G). However, 
growth at both low-elevation sites peaks in late April. That 
leads to the situation where nENL at the coastal sites peaks 
in the same month in which cambial growth is just beginning 
in the high-elevation belt. The highest modelled ENL cell 
numbers occur at WL (8.1) and EM (7.9), and the lowest val-
ues at EH (6.0) (Fig. 2A, D, G). On the other hand, EL site 
has a strong tendency for bimodality by cambial resurgence 
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from August to mid-November (from DOY 225 and 300 of 
Fig. 2G) after a temporary drop in nENL. Cell-wall thick-
ening at the coastal sites differs substantially from that at 
higher elevations. However, the two coastal sites deviate 
strongly from each other: at site WL, the trees have an almost 
constant number of cells in the CWT phase throughout the 

year, whereas at the eastern coastal site EL, the number of 
cells in CWT phase strongly increases towards the end of the 
year (Fig. 2H). In general, trees at the eastern sites (EM, EL) 
accumulate more mature cells over a year than at western 
sites (WM, WL) (Fig. 2F, I), irrespective of altitude.

Fig. 2   Modelled cell numbers in the enlarging (nENL), cell-wall 
thickening (nCWT) and mature (nMAT) phases of sampled trees 
along the elevation gradient. X-axes represent months and DOY. 
Coloured lines indicate fitted values obtained by generalised addi-
tive models, and shaded coloured areas indicate the corresponding 
95% confidence intervals. If the shaded areas do not overlap, differ-
ences between sites within the same elevation belt are considered 

significant. Xylem phenology of P. nigra and P. pinaster is pooled at 
medium elevation sites (EM and WM), whilst at low (WL and EL) 
and highest (EH) elevation sites, xylem phenology represent exclu-
sively PP and PN, respectively. Dashed vertical lines mark the timing 
of the highest number of cells for ENL, and the dotted horizontal line 
represents the one-cell threshold

Table 1   Xylem phenology of sampled pine trees according to eleva-
tion. Mean critical dates derived from generalised additive models 
with 95% confidence intervals. Numbers represent the DOY when the 
threshold of one cell for onset and cessation is surpassed. Data are 

partitioned at sites where both species co-occur (PN: P. nigra; PP: P. 
pinaster), whilst only PN at EH and only PP at WL and EL. Duration 
in days. "< 1": occurrence in the previous year for at least one tree. 
"> ": occurrence of at least one tree is in the following year

b beginning, c cessation, d duration, ENL enlarging phase, CWT​ cell-wall thickening phase, MAT mature phase

Site bENL cENL dENL bCWT​ cCWT​ dCWT​ bMAT

EH (1600 m asl) 91 ± 20 259 ± 21 167 ± 19 144 ± 6 330 ± 15 186 ± 10 154 ± 3
EM (1000 m asl) 60 ± 16 266 ± 19 206 ± 31 106 ± 13 > 365 > 259 ± 13 136 ± 11
EM.PN 73 ± 17 258 ± 31 186 ± 40 106 ± 8 > 361 ± 9 > 255 ± 13 134 ± 12
EM.PP 47 ± 23 273 ± 24 226 ± 44 107 ± 26 > 365 > 258 ± 26 135 ± 20
WM (790 m asl) 68 ± 17 261 ± 13 194 ± 17 116 ± 7 > 365 > 240 ± 18 147 ± 7
WM.PN 82 ± 26 268 ± 19 187 ± 34 120 ± 11 > 365 > 227 ± 34 146 ± 11
WM.PP 53 ± 15 257 ± 21 204 ± 14 111 ± 8 > 365 > 254 ± 8 147 ± 9
WL (15 m asl) < 1 251 ± 36 > 237 < 1 > 365 > 365 78 ± 23
EL (10 m asl) 38 ± 21 > 289 ± 67 > 248 ± 57 < 54 ± 9 > 365 > 335 ± 22 91 ± 16
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The growth rates (rENL) show that the coastal sites (WL 
and EL) experience the highest rates around the spring equi-
nox, whilst the highest site EH reached this benchmark more 
than 2 months later (Fig. 3). Eastern sites reach the high-
est rate earlier than western sites, and the maximum val-
ues decrease with increasing elevation, with the prominent 
exception of P. nigra at EM. The highest site EH experiences 
a sharp secondary deceleration of nENL between DOY 200 
and 225, indicating an abrupt slowing of cambial activity. 
The bimodality of growth at EL between mid-August and 
late October (DOY 230–295) is remarkably slow compared 
to the initial growth rate between January and April (Fig. 3).

Comparison of P. nigra and P. pinaster 
at co‑occurring sites

Pinus pinaster starts and ends xylem growth earlier than 
P. nigra at sites WM and EM, where both species co-occur 
(Fig. 4). Hence, the growing period of P. nigra is shifted 
slightly forward, with higher cell counts in all phases, and 
maxima occur slightly later than in P. pinaster. P. nigra also 
halts growth later in the year, and hence has higher nMAT at 
both sites. The higher number of enlarging cells of P. nigra 
at WM site from late July to the end of September leads to a 
significant difference in nCWT and nMAT, when compared 
with P. pinaster. At EM site, the maximum number of nENL 
occurs simultaneously in both species, whereas it occurs half 
a month earlier for P. pinaster at WM. The eastern site (EM) 
has a higher maximum nENL, a later cENL and a higher 
final nMAT in both species. Maximum growth rates for P. 
pinaster occur later and are higher than for P. nigra at both 
sites (Fig. 3). Furthermore, growth rates of P. pinaster are 
also higher than those of P. nigra after the drought period, 
in autumn.

Meteorological conditions from 2017 to 2019

The mean annual temperatures of each of the 3 analysed 
years were above the long-term mean for the whole island 
from 1981 to 2010 (MétéoFrance 2020b). The annual pre-
cipitation sum, on the other hand, varied substantially. The 
dry year 2017 (964 mm) was followed by a wet year in 2018 
(1628 mm). The year 2019 was almost exactly in between 
(1214 mm). The 3-year mean values of the recorded tem-
perature and precipitations clearly show the influence of the 
elevation gradient (Fig. 5). The highest daily precipitation 

Fig. 3   Xylem growth rates of sampled pine trees derived from ENL 
means across elevation belts and slope orientation. Dotted lines repre-
sent P. nigra and solid lines represent P. pinaster. The dashed vertical 
line indicates spring equinox. X-axis represents months and DOY

Fig. 4   Generalised additive model (GAM) fittings for cell num-
bers in enlarging (ENL), wall thickening (CWT) and mature (MAT) 
phases at the eastern (A–C) and western (D–F) mid-elevation sites 
(EM and WM), where both studied pine species grow in sympatry. 
X-axes represent months and DOY. Coloured lines indicate fitted 

values obtained by GAMs, and shaded coloured areas indicate the 
corresponding 95% confidence intervals. If the shaded areas do not 
overlap, differences between sites are considered significant. Dashed 
vertical lines in nENL mark the timing of the highest number of cells, 
and the dotted horizontal line represents the one-cell threshold
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sums and lowest temperatures occurred at the highest site 
(EH) (Fig. 5A). Although the eastern (EL) and the western 
coastal sites (WL) are both located close to sea level (10 
and 15 m asl), their temperatures deviate in spring, summer 
and autumn, with consistently higher temperatures at WL.

The mean weekly precipitation sums decline with 
decreasing elevation (Fig. 5B). The difference between 
annual precipitation sums of the two mid-elevation (EM: 
1325 mm and WM: 1574 mm) sites is slightly higher than 
between the two low-elevation sites (EL: 714 mm and WL: 
561 mm). Regarding the dry summer period, the western 
sites suffer more from drought stress than the eastern sites. 
Mean VPD values during summer (JJA) are highest at WL 
(1.22 kPa) and WM (1.21 kPa) and lowest at EH (0.82 kPa). 
However, they are surprisingly low at EL (0.81 kPa).

Climate–growth relationship

The running correlations between climate parameters and 
the modelled nENL curves vary according to the climatic 
variable considered (Fig. 6). Significant correlations with 
precipitation are infrequent at all sites. Contrarily, VPD and 
especially temperature show much stronger relationships to 
nENL over extended periods. The correlations are highest 

and most continuous with temperature from the beginning 
of May to the end of June (c. DOY 120–180) and in autumn. 
There is a time frame of continuous high negative correla-
tions that is getting smaller with increasing elevation. The 
highest site (EH) shows mostly significant positive cor-
relations with temperature throughout the year, except in 
July. The pattern across the sites is also apparent with cor-
relations of temperature and nCWT. However, it is shifted 
by 1 month, especially at the non-coastal sites. The VPD 
correlation patterns are less distinct, although they roughly 
resemble the patterns of temperature correlations in the 
higher elevations.

The climatic conditions at the differing times of begin-
ning (bENL) and cessation (cENL) of enlarging phases in 
each elevation belt vary strongly (Fig. 7). The influence of 
the elevation gradient is apparent for temperature and VPD 
for cENL. For bENL, there is a clear east–west separation 
for VPD. The differences between bENL and cENL are sub-
stantial, except for precipitation. There are higher precipita-
tion amounts, lower temperatures and lower VPD during the 
beginning of the enlarging phases than during their endings. 
The beginning of tracheid enlargement (bENL) at the west-
ern coastal site (WL) could not be considered here due to its 
occurrence in the previous year. During the onset of ENL, 

Fig. 5   3-year mean values (2017–2019) of climate parameters at each site. (A) Weekly mean temperatures. (B) Weekly precipitation sums. (C) 
Weekly mean VPD. X-axes represent months and DOY
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the coastal site had the highest precipitation, but during the 
cessation of ENL, the two coastal sites are on opposite sides 
of the spectrum (Fig. 7A, D). The pattern for temperature is 
similar for the beginning and the end of the growing period: 
the higher elevation sites experience the lowest tempera-
tures, and the lower sites have higher temperatures (Fig. 7B, 

E). Temperature and VPD show a clear east–west gradient 
during the cessation of the enlarging phase (Fig. 7E, F), 
but this is not the case during bENL (Fig. 7B, C). There 
are noticeable differences in (Fig. 7A–C) between species 
at mid-elevation sites EM and WM where they co-occur. 

Fig. 6   21-day running Kendall’s tau correlations with a 1-day shift 
and 20-day overlap of meteorological parameters and modelled 
cell numbers. Depicted are only significant correlations (p = 0.05) 
between modelled curves of nENL (upper panels), nCWT (lower pan-

els), and precipitation, temperature and VPD. Black boxes show the 
duration of the respective phases according to elevation (see Table 1). 
X-axis represents months and DOY

Fig. 7   Climate parameters (precipitation, temperature and VPD) for 
the beginning of the enlarging phase (DOY of bENL, upper panels) 
and its cessation (DOY of cENL, lower panels). Values of climate 
parameters are sums/means of 10 days before to 5 days after the mod-

elled critical dates of beginning and cessation of each cell differen-
tiation phase. Red solid lines show linear regressions, and vertical 
dashed lines indicate the mean value of all sites
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Pinus nigra experienced slightly more precipitation, higher 
temperatures and higher VPD during bENL than P. pinaster.

Discussion

In this study, we quantified the growth dynamics of P. nigra 
and P. pinaster along an elevation gradient on Corsica. The 
change in elevation is clearly traceable at the beginning of 
cell enlargement and the growing season duration: trees at 
high elevations grow for a shorter time period than trees 
at lower elevations. But how is that influenced by climate? 
The attribution to a specific climate parameter and season 
often remains difficult due to sparse availability of long-term 
meteorological records, especially at high elevations. We 
addressed this problem by deploying meteorological stations 
in close proximity to our tree sites. Short-term but high-
resolution investigations like our study can help to improve 
the interpretation of long-term data and provide a more com-
plete picture of how trees react to climate variability.

Environmental factors at growth initiation 
and cessation

The beginning of wood formation in conifers is primarily 
controlled by temperature and photoperiod (Delpierre et al. 
2019). Based on studies of cambial growth of Pinus cem-
bra in the Austrian Alps, a temperature threshold of 5 °C is 
often assumed for initiating tree growth because of possible 
stem freezing below this threshold (Loris 1981; Gruber et al. 
2009; Etzold et al. 2022). In our case study from Corsica, 
we observed an island-wide regional average 15-day mean 
temperature of 6.4 °C for the onset of cambial growth, but 
of only 3.1 °C for P. nigra at the highest elevation. In turn, it 
was 9.9 °C for P. pinaster at the eastern coast. Precipitation 
around the formation of the first cell varied even more, from 
36.3 to 79.8 mm, with an island-wide average of 57 mm 
(Fig. 7).

Trees started growth according to the elevation gradient, 
but halt tracheid enlargement at most sites in September, 
except at the eastern coastal site (EL). Cessation of cambial 
division and cell expansion are guided by decreasing pho-
toperiod and the onset of unfavourable conditions such as 
water deficit or temperature stress (De Micco et al. 2019). 
One indication for the reason being low temperatures is that 
the respective temperatures at cENL follow the elevation 
gradient (Fig. 7E). This corresponds to the high correlation 
of nENL with temperature (see Fig. 6). The P. pinaster trees 
at low-elevation site EL have access to deeper soil water 
(Häusser et al. 2021) and are an outlier from the elevation 
gradient (Fig. 7D–F) due to this strong influence of local 
site conditions.

Growing season length and species comparison

The growing season length differs considerably along 
the elevation gradient. Cambial growth in the Mediterra-
nean region is assumed to occur for a more extended time 
period with lower growth rates than in temperate regions 
and growth rates are assumed to be the main driver for the 
final number of cells in a tree ring (Rathgeber 2019). These 
assumptions are only partly in concordance with our find-
ings. The trees at the coastal sites indeed show the longest 
growing seasons at both study sites (EL and WL). How-
ever, their maximum growth rates are higher than that of the 
high-elevation site (EH) and the western mid-elevation site 
(WM). In addition, the final cell numbers do not exactly fit 
to the elevation gradient. The observation that more growth 
occurs on the eastern side of the island (EL and EM) was 
also found in a previous study using dendrometers (Häusser 
et al. 2021) and might be explained by more precipitation. 
In any case, the correlation between growth and elevation, 
or rather temperate and Mediterranean climate, seems not 
to be simplistic.

In the medium elevation belt of mixed forests, the growth 
period of P. pinaster is slightly shifted forward. A compari-
son of the cell phases shows the highest difference in CWT 
between mid-August and early September (Fig. 4). Due to 
the average difference of 30 days between bCWT and bMAT 
at these sites (Table 1), we conclude that P. nigra's CWT 
phase takes longer than that of P. pinaster. Due to a sam-
pling interval of 10 to 14 days, we, hence, cannot exclude 
that P. nigra's CWT was, thus, occasionally counted twice.

Correlations between nENL and climate parameters

There is no clear elevation gradient in the correlations 
indicating that the dominant controlling factor shifts from 
temperature to moisture dependency. A tree-ring study on 
P. pinaster in central Spain showed that increasing grow-
ing season temperature had a negative effect on tree growth 
(Bogino and Bravo 2008). That is consistent with our study, 
although negative correlations with growth lasted shorter 
at the highest site and were longest at the lowest site. The 
correlation pattern is not as clear for VPD. The impact of 
VPD on tree growth and especially tree mortality is increas-
ing due to anthropogenic climate change (McDowell et al. 
2022). However, due to the high temporal variability of this 
parameter, the correlation patterns for nENL and VPD are 
more discontinuous than with temperature. Correlation coef-
ficients of nENL and precipitation are only significant for 
very short periods over the growing season. Previous stud-
ies showed that water availability plays an important role in 
controlling cambial activity (Carvalho et al. 2015; De Micco 
et al. 2019) and recent studies on tree water uptake on Cor-
sica have revealed that the Corsican pine trees use different 
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water sources throughout the growing season (Szymczak 
et al. 2020; Juhlke et al. 2021). The relatively low correlation 
values with precipitation may, therefore, result from the fact 
that trees not just utilise precipitation during the growing 
season, but also winter snowmelt water at higher elevations 
and deep soil water reservoirs at coastal sites may play an 
important role.

From cell enlarging to cell‑wall thickening

The correlations with climatic parameters of nENL are com-
parable to nCWT. The number of cells in the wall-thickening 
phase correlates the least with precipitation (positively and 
negatively), and there is no clear elevation gradient from 
changing temperature to moisture dependency. Generally, 
lignification is described as being sensitive to temperature 
(Donaldson 2001). The lag between ENL and CWT in 
conifers is around 1 month in temperate regions and longer 
in Mediterranean areas (Cuny et al. 2015). Depending on 
elevation, we found an offset of 45–53 days between the 
two phases. A distinctive feature is the nCWT at the coastal 
sites and their deviation from the pattern of the mid and 
high-elevation belts (Fig. 2). A reason for this divergence 
might be the relatively high daily minimum temperatures 
at the coasts, as cell-wall deposition rates during latewood 
formation are strongly constrained by temperature (Cuny 
and Rathgeber 2016).

According to our growth model, constant CWT occurs at 
the western coast (WL), which can be explained by the brief 
cambial dormancy period (Fig. 2). ENL already starts late 
in the previous year and ends late in the current year. The 
CWT pattern at low-elevation site EL is different because 
the growth seasonality at the coasts is shifted. Growth and 
CWT at the east coast start later, so the GAM is able to rep-
resent their onset at the beginning of the year. The chance 
of cambial reactivation at EL is much higher. This leads to a 
prolonged ENL and CWT phase. Our GAM does not depict 
the decline of wall-thickening cells due to this shifted grow-
ing season. The CWT phases at all sites (except WL) show 
a resurge in CWT.

Not all Mediterranean pine species show a distinct cam-
bium dormancy if winter temperatures exceed the threshold 
of 9–10 °C (Prislan et al. 2016; Balzano et al. 2018). Pinus 
pinaster is particularly prone to cambial reactivation due to 
the production of wider tree rings compared to other pines 
(Zalloni et al. 2016). The starting threshold deduced in this 
study is 9.9 °C at the eastern coast in the first half of Febru-
ary which lead to cambial dormancy.

Conclusion

We were able to quantify and explain the high plasticity 
of radial growth patterns in two native Corsican pine spe-
cies (Pinus nigra subsp. laricio and P. pinaster) along an 
elevation gradient spanning from Mediterranean to subal-
pine climate conditions. Accordingly, our first hypothesis 
was verified, since the growing season lengths decreased 
considerably along the studied elevation gradient. There is 
an approximately 1-month delay from the low to the mid-
elevation belt and from the mid to the high-elevation belt 
for the appearance of first enlarging cells. The cessation of 
tissue formation occurs almost simultaneously at the mid-
elevation and high-elevation sites. Contrary to our expecta-
tion, the modelled growth rates in the low-elevation belt are 
higher than at the highest site, leading us to reject our second 
hypothesis. The last hypothesis was partly rejected, since 
minimum temperatures for growth initiation under subalpine 
conditions can indeed be lower than the generally assumed 
5 °C threshold. Moreover, coastal P. pinaster entered winter 
dormancy at temperatures around 9.9 °C, but exhibited a 
nearly constant state of cell-wall thickening. This difference 
clearly points to genetic adaptations of the two studied pine 
species to Mediterranean versus temperate climate condi-
tions. This is confirmed by the fact that in the mid-elevation 
belt, where the two pine species co-occur, P. pinaster starts 
growth slightly earlier and mostly stops earlier than P. nigra, 
and that P. nigra exhibits higher radial growth rates than P. 
pinaster.

Additionally, we found that the growth seasonality of the 
two coastal P. pinaster sites is shifted: the enlarging phase 
in the west starts in December of the previous year, whilst 
it stops in late December of the current year. The tendency 
for cambial reactivation in pines after summer droughts was 
only apparent in the low-elevation belt.

Our study improves the understanding of differences in 
radial tree growth between mesic high-elevation and more 
xeric low-elevation sites in the Mediterranean. The tracheid 
cells investigated in this study not only provide insight into 
the ecological behaviour of two native Corsican pine spe-
cies, but shed light on the climate–growth relationships of 
a widespread and ecologically and economically important 
genus in the Mediterranean and temperate regions. Our work 
lays the foundation for future studies to model predictions 
of radial growth and different climate conditions within this 
genus or with other genera across a broad environmental 
gradient.
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