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Abstract

With global warming, understanding the tree resilience to fire is still a scalding topic in
ecology. Tree resilience would depend on fire intervals, and on interactions with
atmospheric conditions, including temperature, precipitation, drought, and CO,. These
interactions would be exacerbated in Mediterranean ecosystems. We test this

hypothesis by analysing variations in tree-ring widths following fires, using growth
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outside fire periods as reference. The study focused on black pine in Corsica as a model
species to investigate long-term ecological responses to fire, based on fires spanning
the past 300 years. Tree resistance and resilience to fire have progressively declined
over the past three centuries, regardless of fire intervals and CO,. Since the mid-19th
century, recovery times have lengthened while resistance has weakened, correlating
with precipitation and drought intensity. These results indicate that the combined
effects of drought intensity and fires endanger tree survival by compounding their

impacts on post-fire recovery.
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INTRODUCTION

Climate change is altering forest disturbance regimes, including wildfires (Seidl et al.,
2017). Disturbances involve the partial destruction of biomass (Grime, 1977) and are
spatially and temporally discrete (Pickett & White, 1985). They can disrupt ecosystem
functioning and alter long-term ecosystem resilience, i.e. the capacity of an ecological
system to recover rapidly its structure and function after disturbance (Holling 1973;
Lockwood and Pimm, 1995) questioning their adaptation facing the climate change.

At the global scale, fire frequencies are either decreasing or remaining stable, depending
onregions (Andelaetal.,2017; Cunningham et al., 2024), while the vulnerability of human
populations to fire is increasing (Seydi et al., 2025). In the Mediterranean biome, the
extent of extreme wildfires is increasing (Cunningham et al., 2024), as they spread into
new areas that were previously protected by elevation or precipitation (Fréjaville & Curt,
2014). Climate-based models predict anincrease in the likelihood and frequency of burnt
areas (Turco et al., 2018; Ruffault et al., 2020).

Mediterranean ecosystems are generally fire prone due to dry and hot summers, as
evidenced by the presence of fire-adapted species bearing specific life traits of varying
flammability levels (Keeley et al., 2011; Pellegrini et al., 2023). Over past centuries, some
southern European ecosystems, e.g., those dominated by black pine (Pinus nigra Arnold),
experienced non-lethal repeated fires (Christopoulou et al., 2013; Fulé et al., 2025). Their
frequencies changed over time, with mean fire intervals ranging from 5 to 60 years (Sahan
et al., 2022; Badeau et al., 2025). This reveals a degree of resilience, as supported by the
high number of fire scars, sometimes more than ten per tree (Christopoulou et al., 2013;
Sahan et al., 2022; Badeau et al., 2024).

The survival of trees subjected to repeated fires has long been documented (e.g.,
Zackrisson, 1977; Swetnam, 1993), but this remains largely unexplored for Mediterranean
species. Addressing this gap is critical for anticipating fire-driven ecosystem shifts. The
present study aims to assess the pattern and duration of post-fire growth, as expressed
through tree-rings width. The duration and pattern of post-fire recovery of tree growth
remain poorly understood, raising questions about the underlying mechanisms of
resistance (Connell & Sousa 1983) and resilience or recovery time (Holling, 1973,
Schwarz et al., 2020), which partly depends on resistance itself (Hodgson et al., 2015;
Carcaillet et al., 2020).

In black pine forests, past fire intervals may have been shorter than 30 years for several
centuries (e.g., Leys et al., 2014; Sahan et al., 2022). Given that trees have survived such
repeated fires, it can be assumed that pines are intrinsically resilient to short mean fire
intervals (hereafter, MFI), maintaining stable growth rates. However, we hypothesised that
longer fire intervals may enhance growth by allowing more complete recovery.
Nonetheless, the relationship between MFI and tree growth may have shifted over the
past three centuries due to change in atmospheric conditions. These include elevated
atmospheric CO, concentrations (Rubino et al., 2019), rising temperatures (Luterbacher
et al., 2004), altered precipitation regimes (Pauling et al., 2006), and more frequent
droughts in recent decades (Cook et al., 2015). Depending on their interactions, such
environmental changes may have either enhanced or constrained tree physiology: rising
CO, levels could potentially stimulate tree growth through increased photosynthesis,
particularly when nutrient availability also increases (Ainsworth & Long, 2004).
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Conversely, warmer and drier conditions are expected to reduce growth by increasing
thermic and hydric stress and reducing resilience. In some cases, elevated CO, may also
exacerbate stress by increasing photosynthetic demand beyond resource availability.
Independently of the fire interval, we also hypothesised that pine resistance and
resilience to fire should progressively decrease over time due to climate warming.

By integrating tree-ring measurements on black pine with fire history and long-term
climatic trends, our study provides a rare insight into how trees respond to repeated fires
across centuries. It sheds light on the resilience of Mediterranean forests under
compounding disturbance and climate pressures, with implications for anticipating
ecosystem tipping points in fire-prone biomes.

MATERIALS AND METHODS
Study area

The study area is situated in Corsica, a northwestern Mediterranean island (Figure S1a).
The Corsican climate is hot and dry in summers, and cool and wetter in winters, but the
island’s orography leads to cold seasonal conditions, with up to five months of
intermittent snow cover in winter. On average, Corsican annual temperature is 13.6°C
and annual precipitation 803 mm. The study ecosystem is the montane forest dominated
by black pine. Trees were sampled at four sites distributed along a north-south transect
on the east-facing slope of the Corsican cordillera (Figure S1), at elevations averaging
between 1100 and 1440 m (Table S1). All canopies were dominated by black pines,
although a few maritime pines (Pinus pinaster Aiton) occurred below 1100 m. The plots
were homogeneous in terms of topography and vegetation, both between and within
sites.

Tree sampling and sample preparation

Atotal of 270 individuals - including living trees, snags, logs, and stumps - were collected
using chainsaws in 5 to 6 plots per site, selected for the highest number of visible scars
(Farris et al., 2013). On average, 12 trees were sampled per plot, with values ranging from
5to 21 (Table S2). Samples were air-dried and sanded with progressively finer grits up to
P400, to obtain smooth surfaces with cells visible under a microscope (x100). Samples
were then digitized using a scanner at 1200 dpi. Ring-widths were measured from
scanned images in Coorecorder software and the quality control of crossdating was
carried out with Cofecha software (Holmes, 1983). The measure was made as far as the
scar as possible to avoid any deformations (Micco et al., 2013, Figure S2). In total, 180
trees (67%) were successfully crossdated with the reference chronology FRAN027 (AD
1518-1980; ncei.noaa.gov/access/paleo-search/study/4389). This chronology was
completed by our own reference series based on 34 living, unscarred trees sampled in
burnt plots using increment borers (hereafter control trees), resulting in a mean of 8
crossdated fire-scarred samples per plot (Table S2).

Fire history

The fire reconstruction, including fire years, mean fire intervals (MFI), and the
classification of four distinct MFI periods (two with short and two with long intervals), was
based on the dendrochronological dataset and methods detailed in Badeau et al., (2025,
Table S3). In summary, the 180 crossdated trees revealed 567 fire scars, each assigned to
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a specific year. The oldest fire was dated to 1635 at Tartagine. However, only fire scars
reported on at least two trees per site were used, yielding a final fire chronology of 487
scars on 174 different trees. The very first interval of 60 years at Tartagine, between 1659
and 1719 was excluded as outlier and abnormal for the 17" century (Figure S1b). For the
present purpose, the period covering enough fire years to reconstruct MFl started with the
1719 fire in Tartagine until the last in 2012 in Vivario. The MFI chronologies for each site
ended in 2024, including the last incomplete interval corresponding to the time since the
last fire. Overall, 51 fire intervals were obtained, but including these incomplete fire-free
intervals, a total of 55 intervals was considered (Badeau et al., 2025). It produced a
synthetic chronology of fire intervals (Figure S1b, Table S3).

MFI ranged from 12 £7 years at Melo to 22 + 19 years at Tartagine, with no significant
differences between sites in terms of MFI (Table S4) nor in terms of low stochasticity (cf.
coefficient of variation all < 1.0). Four distinct periods were identified (Fig S1c; Table S4),
two with short intervals (1719-1848 (P1) and 1923-1970 (P3)) and two with long intervals
(1849-1922 (P2) and 1971-2024 (P4)). The periods of short MFI were not different from
each other, as were the long MFI periods from each other, but short and long periods
differed significantly from each other (p < 0.001, Figure S1c).

Atmospheric data

Seasonal precipitation (Pauling et al., 2006; AD 1500-2000) and temperature
reconstruction data (Luterbacher et al.,, 2004; AD 1500-2002) were downloaded from
ClimateExplorer (https://climexp.knmi.nl/). These data were gridded for the area situated
between 41° and 44°N and between 5° and 13°E, which captures Corsica, western ltaly
and southeastern France, and enough weather stations to align and stabilise the climatic
reconstructions. As these reconstructions extended only until 2002, additional data from
METEO-France (the French meteorological agency, https://meteo.data.gouv.fr) were
incorporated to extend the series to 2022. To achieve this, both series were standardized
over a common reference period [1970-1990] which minimized the differences between
them, expressing them as z-scores. The Palmer drought severity index (PDSI, AD 1-2012)
was inferred from reconstruction of the Old World Drought Atlas, OWDA (Cook et al.,
2015) and the global CO, data over the past centuries resulted from ice core records
(Rubino et al., 2019).

Data analysis

All numerical analyses were carried out under the R statistical environment version 4.4 (R
Core Team, 2024).

All annual ring-widths were detrended using a cubic smoothing spline with a 65-year
frequency response to remove the low-frequency trends, producing tree-ring indices
(TRI). To assess tree responses to fire through TRI inter-annual variability, we applied
Superposed Epoch Analysis (SEA; Swetnam, 1993) using the standard method
implemented in burnR package (Malevich et al., 2018). The SEA evaluated changes in the
mean TRI by comparing TRl values before and after fires to those from a selected period
including those fires. To do so, the standard SEA method (Malevich et al., 2018)
establishes by bootstrapping a null distribution based on actual data but without fire
effect, allowing us to compare the mean tree-ring width during observed fire years to ring-
width expected by chance. Confidence intervals (Cl) are derived from 1000 Monte Carlo
simulations.



Alberto et al - Fire resilience changes

SEA analyses were conducted both on the complete dataset (all fires pooled) and
separately for each mean fire interval (MFI) period. Between 1719 and 2012, we identified
487 fire sequences corresponding to 54 distinct fire years. Each sequence covered 16
years: 5 years before, the fire year, and 10 years after.

The bootstrap procedure of SEA was not adapted to account for variable sample sizes
across years, which were incompatible with the original burnR script. Therefore, a first
dataset of observed fire TRI values was constructed, with rows corresponding to fire years
and columns corresponding to 16-year TRl sequences (-5 to +10 years around each fire).
Then, 1000 random matrices of identical dimensions were generated by randomly
reassigning individual-fire combinations for each fire year, reproducing the observed
number of fire events. Each row in these matrices represented a “pseudo-fire year”
associated with TRI sequences unrelated to actualfires. These randomized datasets were
used to construct the null distribution for SEA comparisons against the observed fire
dataset.

Tree vulnerability (h) was defined as the TRI difference between expected (null-model)
growth and observed post-fire growth. Since the year+1 consistently showed the
strongest reduction in TRI (Schwarz et al., 2020), its value was used to calculate h, and
tree resistance (w) was then calculated as w = 1-h.

A Principal Component Analysis (PCA) was carried out on the TRIto explore their response
patterns beyond those identified by the SEA. Because PCA requires complete data, only
413 of the 487 identified fire scars (corresponding to 16-year fire sequences) were
included inthe PCA, followed by a cluster analysis. We clustered the responses to identify
the main patterns of reactions in terms of TRl using the kmeans method (Hartigan &
Wong, 1979) and the cluster function from the stats package. The cluster number was
determined by a bootstrapping method using the clusterboot function from the Flexible
Procedures for Clustering (fpc) package and from visualisation of the data using
dimensional reduction. To assess the association between clusters and periods, a chi-
squared test of independence was performed using the chisq.test function. Standardized
residuals were calculated to identify where the observed frequency deviates significantly
from the expected frequency under the independence assumption. Absolute values
greater than 2 indicate a substantial contribution to the association.

To assess the influence of atmospheric variables (CO,, precipitation, temperature, and
PDSI, using annual or seasonal values) as potential drivers of tree growth in terms of TR,
we calculated pairwise correlations among these variables, as well as between each
variable and the mean TRI per period. Pairwise comparisons between periods were
conducted using Wilcoxon rank-sum tests with Holm correction for multiple testing,
implemented with the stats package.

To evaluate the relationship between atmospheric variables and annual radial growth, we
computed Spearman correlations (rs) using the cor function from the R_stats package.
Given the presence of autocorrelation in the time series, we used block permutation tests
to assess the significance of the correlations.
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RESULTS
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Figure 1. Pattern of radial tree growth. In shades of grey: response to fire based on superposed
epoch analysis (SEA) carried out on 487 fire sequences, derived from all scarred trees across the
four sites, corresponding to 54 fire events occurring between 1719 and 2012. The SEA showed the
difference between the mean tree-ring index (TRI) over a 16-year period centred on the fire year
(year+0) and the mean TRI calculated over 16-year periods in the chronology that did not include
the fire events. Significant departures are shown in light grey (95% < Confidence Interval < 99%)
or in dark grey (Cl 2 99%). In red outline, the pattern of radial tree growth based on SEA, derived
from 34 unscarred trees used as control trees and for the same fire years. Cl are identical thus
represented in bold.

The whole sequence, from 1719 to 2024

The SEA highlighted the average response of TRI to fire events. Figure 1 shows the TRI
response to all fire events between 1719 and 2012, whatever the MFl period. Growth rates
were significantly reduced (99% CI) during and following the fire year. These reductions
were the most severe in the first year (year+1) after the fire year (year+0) and lasted up to
five years after the fire, totalling six years of significant reduction. A gradual recovery
occurred, illustrating a resilience of six years on average, from year+0 to year+5. The
general trend followed a sinusoidal pattern with low values after the fire year and values
higher than the trend from year+8 (95% CI) to +10 (99% CI; Figure 1). In contrast, the
control group showed no significant effect and no trend comparable to that of the scarred
trees (insert Figure 1).

The cluster analysis of TRl sequences yielded four distinct and evenly distributed clusters
(Figure 2a, Table S5). The first cluster represented complacent TRI sequences, showing
no significant change in ring-width following the fire year compared to preceding years.
The second cluster comprised sequences with initially reduced ring-widths that declined
further post-fire before gradually recovering over 7 years. The third cluster group included
trees with large pre-fire TRI that experienced sharp post-fire decreases, requiring
approximately 10 years for full recovery. Finally, the fourth cluster exhibited fire-enhanced
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growth: trees with lower pre-fire ring-widths showed significant TRI increases persisting
for at least 7 years post-fire. This cluster analysis highlights that not all trees reacted
uniformly.
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Figure 2. (a) Mean patterns of response of tree-ring index (TRI) per clusters from the k-means
algorithm based on the 16-year sequences coordinates on the Principal Component Analysis
(PCA) showing one complacent cluster (1) and three sensitive clusters (2-4). (b) PCA biplot of the
response of radial growth of all scarred trees grouped per mean fire interval (MFI) period between
1719 and 2012. The first two principal components explained 47% of the total variance. Each
symbol represents one of the 413 complete fire sequences of 16 years of TRI associated with a
fire year and is coded per MFI period. The arrows represent the active variables used in the PCA
and the numbers correspond to years of the fire sequence, e.g., 0 is the fire year, -2 is two years
before, 4 is four years after. (¢) Standardized residuals from the chi-squared test, indicating the
observed frequency contribution of a clusterin a period relatively to the expected frequency under
the independence assumption.

The PCA revealed a clear contrast among time points (years versus fire year): pre-fire
years cluster in the bottom left of the biplot, post-fire years (+9 and +10) appearing on the
opposite side (upper right), and the year immediately following the fire being orthogonal
to this diagonal (Figure 2b). PC1 captured a temporal gradient ranging from the five years
preceding the fire year, including the fire year (negative side), toward years after the fire
(positive side) during which TRI values initially decreased (year+5) due to fire effects and
then recovered (+6 to +8; Figure 2b). PC2 contrasted the immediate post-fire years on the
negative side, i.e. years +1 to +4, with the later recovery phase, +9 and +10 (Figure 2b),
which showed values higher than on average before the fire (Figure 1). PC2 expresses TRI
range from the minimal values on the negative side, to the maximal values on the positive.
No strong pattern was apparent in the distribution of individual points (‘trees’) based on
TRI (Figure 2b). The ellipse corresponding to the 1719-1848 fire period (P1) was mainly
stretched by the negative side of PC2, whereas the other ellipses mainly overlapped
(Figure 2b). Moreover, the ellipse for P1 was less extensive than those of the other three
periods, indicating lower variability in values.

The complacent tree-rings (cluster 1) were significantly overrepresented in tree-rings in
P1 (standardized residual =6.34) and underrepresented in later periods (Figure 2c).
Cluster 2 contrasted periods, being less common P1 and more prevalentin recent periods
notably in 1971-2024 (P4) (residuals > 2). Cluster 3 was consistently represented across
all MFl periods (residuals < 2). Finally, the cluster 4 was particularly widespread during the
1849-1922 period (P2) (residual = 3.65). Periods characterized by short MFI (1719-1848
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and 1923-1970) did not exhibit similar TRI patterns illustrated by clusters, nor even for
periods with long MFI (1849-1922 and 1971-2024; Figure 2c).

Analyses per period of mean fire interval

SEA analyses were carried out separately for each of the four MFI periods to assess tree
radial growth responses relative to pre-fire growth rates and to evaluate the consistency
of response patterns across different fire regimes (Figure 3a). Even though each period
displayed response patterns rather distinct from the overall trend (Figure 2), general
patternsindicated adecline in both resistance and resilience of tree growth following fires
over the past three centuries.
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Figure 3. Tree-ring responses per period of mean fire interval (MFI); (a) Superposed epoch
analyses (SEA); the figure illustrates the difference between the mean tree-ring index (TRI)
calculated over 16-year sequences centred on fire years (year+0), and the mean TRI derived from
16-year sequences in the chronology that exclude the fire year. Significant departures are shown
in light grey (95% < CI <99%) or in dark grey (Cl 2 99%). (b) Cluster-based analyses from the k-
means algorithm of TRl responses by MFI period.

Regarding P1, only the year+1 exhibited a significant decrease (95% CI), while the tree-
ring index (TRI) declined from year0 to +10 but without being significant (Figure 3a).
Cluster-based analysis revealed three main responses associated to P1 (Figure 3b).
Clusters 1 and 2 were unaffected by fire (complacent sequences), though cluster 2
showed a delayed TRI decrease starting six years after fire. In contrast, cluster 3 showed
elevated pre-fire TRI, followed by a sharp post-fire decline and recovery by year+8.

From P2 onward, the general pattern observed in figure 2 began to emerge. TRl decreased
significantly (99% CI) from year-1, remained low until year+4, and recovered by year+5.
Two contrasting clusters emerged: one showing strong decline and decade-long recovery;
the other displaying enhanced growth from year+2 onwards.

P3 followed a similar trajectory, but pre-fire levels were only reached by year+6. Two
clusters were evident: one marked by a sharp post-fire decline and gradual recovery by
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year+8, and another in which trees showed a lasting increase in TRI from year+3 to +6
before stabilizing.

During P4, ring-width started declining from year-2, with low values persisting until
year+6. Three response clusters were identified: two clusters showed post-fire declines
followed by slow recovery, while the third one consisted of trees with enhanced growth in
the years following the event (year+1).

The proportions of sequences in each cluster for each period are mainly evenly
distributed, except a prevalence (79%) of the complacent series in P1 (clusters 1 et 2 in
Figure 3, Table S5).

Across the four periods (Figure 3), a clear temporal trend emerged: (i) year+1 was always
the most impacted year, (ii) TRl values at yearO and +1 decreased progressively from one
period to the next, and (iii) the duration of post-fire recovery stretched from one year in
the 1719-1848 period to seven years in 1971-2024.
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Figure 4. Distributions of mean climatic and atmospheric values across the mean fire intervals
(MFI) periods. (a) Annual temperature, annual precipitation, Palmer Drought Severity Index (PDSI),
and atmospheric CO, concentration, (b) seasonal temperature, and (c) seasonal precipitation.
Violin plots show the distribution of standardized values expressed in anomalies, except for CO,,
expressed in ppm. Red letters indicate post-hoc results from the Wilcoxon test (different letters =
significant differences at p < 0.05).
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Climate trends associated to MFI periods

Climatic conditions were analysed per MFI period (Figure 4). They differed among the four
MFI periods in terms of trends of temperature, precipitation, PDSI, and atmospheric CO,
concentration. Temperatures were relatively stable between the first period (P1, 1719-
1848) and the second (P2, 1849-1922), then rose from the mid-19th century onward. P3
(1923-1970) was significantly warmer than P1 and warming intensified during P4 (1971-
2024) in winter, spring and summer, which was the hottest period across all seasons
(Figure 4, Figure S3). Annual, summer and autumn precipitation showed no significant
variation, but P1 was drier than P2 and P4 in spring and wetter in winter than P2. PDSI
remained stable among periods, indicating no major shift in drought conditions despite
increase in spring and summer temperature. In contrast, atmospheric CO, increased
continuously, with all pairwise differences being significant (Figure 4, Figure S3).

1719-1848 1849-1922 1923-1970 1971-2024

t_winter 0.038 0.128 0.022 -

t_autumn 0.045 -0.098 -0.001 -0.083 0.00
-0.25
t_annual 0.154 0.018 -0.195 -0.054 -
-0.50
p_winter -0.113 0.153 0.021 0.018
p_spring -0.101 0.078 0.091 0.068
p_autumn 0.046 -0.037 0 -0.137
p_annual -0.021 0.194 0.172 0.141
-0.040 0.083 0.197 -0.129

Figure 5. Mean tree-ring index (TRI) and climate relationships based on Spearman correlation (rs)
analysis (‘Corrplot’) of mean annual ring width and atmospheric variables for each of the four
periods of mean fire interval (MFI). Red indicated a negative association and blue a positive one;

[{I%e )

the colour intensity illustrates the level of the relationships. The letters “t” and “p” associated with
each season represent temperature and precipitation, respectively.

Climate-TRI relationships per MFI period

Overall, TRI was positively correlated with PDSI and summer precipitation across all
periods, and negatively with summer temperature (Figure 5). In detail, TRl issued from
different MFI periods can be positively correlated with winter temperature (P4) or spring
temperatures (P1), which is in depth analysed hereafters for all atmospheric variables.

11
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Mean TRl values per period were significantly positively correlated with PDSI
(0.369<rs<0.559) and summer precipitation (0.375<rs<0.514; Figure 5). The
correlation with the PDSI was weaker during P3, which also exhibited the highest
interannual variability in precipitation. Similarly, the correlation with summer
precipitation was reduced during P1 (Figure 5), when temperatures were lower in all
seasons and spring precipitation as well (Figure 4). Correlations with precipitationin other
seasons were generally low and not significant. Overall, precipitation appeared to limit
growth during P1, while slightly positive correlations were observed in the three
subsequent MFI periods, except for autumn precipitation.

The influence of temperature on TRI varied across MFI periods. Summer temperatures
were negatively correlated with TRl in all periods, whereas winter temperatures tended to
promote TRI. Specifically, TRl during P1 were positively correlated with spring
temperature (rs = 0.350), TRI during P3 were strongly negatively correlated with summer
temperature (rs =0.465), and, during P4, TRI were positively correlated with winter
temperature (rs = 0.381; Figure 5).

Although atmospheric CO, steadily increased over the past 300 years, TRl variations were
not significantly correlated with this variable. The highest, though still non-significant,
correlation was observed during P3 (rs =0.197), coinciding with the period when TRI
showed its strongest association with summer temperatures.

After P1, when fire resistance decreased and recovery times increased, TRI showed
stronger negative correlations with temperature, while correlations with precipitation,
which had previously limited growth, became positive. The exceptions were for winter
temperatures and autumn precipitation, which became positive and negative,
respectively (Figure 5).

DISCUSSION

Consistent with our main hypothesis, our results demonstrated that black pine
resistance and resilience to fire progressively decreased over the past three centuries
(Figure 1), although not all trees behaved similarly (Figure 2). Each period showed a
somewhat distinct pattern in tree-ring growth responses (Figure 3), which was not related
to the MFI but to climatic features and notably to PDSI (Figure 5). Hereafter, we discuss
the ecological drivers underlying these changes and their implications for forest
resilience under future fire regimes.

Resistance and resilience to fire

Our analyses reveal a consistent pattern of black pine response to fire events over the
past 300 years. Tree-ring width decreased most markedly during the first year following
the fire. This was expected, as most fires occur in summer since the 17" century in
Corsica (Badeau et al., 2025), in similar proportion than in other Mediterranean forests
since the 16" century (Sahan et al., 2022). Trees typically recovered their growth pattern
within six years. Interestingly, between the 8th and 10th years after fire, the SEA of TRI
displayed higher values, producing a sinusoidal pattern over the 16-year sequence
(Figure 1). Due to the rarity of intervals exceeding ten years between fires in our dataset,
particularly during the short MFI periods (1719-1848 and 1923-1970), it was not possible
to analyse the post-fire tree responses beyond ten years. Nevertheless, our results
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clearly show that the first post-fire year was the most critical and constituted a proxy for
tree resistance, while the full recovery time reflected resilience. Combining these two
components, the resilience of black pine has deteriorated over the past 300 years (Figure
6).

1923-1970
o

- °
RS, 1849-1922
6\/.
2
\%

\

LA
%~ 1719-1848

2 =0912
p = 0.045

Recovery time (At)

0.0 0.5 1.0
Resistance (w=1-h)

Figure 6. Relationship between resistance (h) and recovery time (At) across MFI periods. Each
point represents a mean value for the corresponding period; a significant positive correlation is
observed (r?=0.912, p = 0.045).

Compared with other studies on tree-ring response to fire, ours is exceptional in terms of
number of fire events (54), chronology duration (300 years), and sample size (180
crossdated scarred trees plus 34 controls). Previous investigations typically analysed far
fewer events, e.g., 2 to 5 events in Aleppo pine (P. halepensis Mill.) or maritime pine, or
over shorter post-fire periods (Battipaglia et al., 2014; Niccoli et al., 2019), thus limiting
their capacity to detect long-term modifications in tree response to disturbance.

For black pine, only two studies applied SEA to tree-ring indices, measuring post-drought
responses up to 5 years (Martin-Benito et al., 2018) or 3 years (Lévesque et al., 2014).
These post-disturbance chronologies were shorter than ours and focused on a limited
number of 20th-century events, restricting their ability to detect long-term modifications
in tree responses to disturbance under global climatic changes.

In natural settings, Martin-Benito et al. (2018) showed that dominant black pine trees in
southern Spain recovered faster but more variably within two years compared to
suppressed trees, likely due to differences in moisture and light availability. In black pine
plantations, Lévesque et al., (2014) found that resilience was achieved within one year
after drought, with site-specific variations depending on soil and local climate
conditions. This last study matched our outcomes showing that tree response to non-
climatic disturbances is partly modulated by climatic features.

The observed increase in TRl width between years+8 and +10 may reflect compensatory
growth mechanisms, such as improved water uptake and transpiration by foliage that
gradually recovered after being damaged by fire (Bar et al., 2019), enhanced nutrient
availability from ash deposition (Roshan & Biswas 2023), or increased soil nitrification
due to charcoal accumulation (DeLuca & Sala 2006), or more simply less competition by
lowering stand density (Zhang et al., 2019).

Temporal variability in tree responses to fire

The general and average pattern varies between trees and over time (Figure 2, Figure 3).
Over the past 300 years, four main behavioural patterns could be highlighted, including
trees that did not respond to fire in terms of radial growth (cluster one in Figure 2), despite
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fire scars evidencing that these trees were affected by losing some of their cambium and
vascular tissues. Some trees grew better before the fire than after (cluster 3 in Figure 2)
and did not recover within 10 years, revealing a net and lasting impact of fire. The survival
of these trees may be jeopardized if the MFl remains under 10 years for extended periods.
Others showed a net impact with two types of responses. Some of these impacted trees
showed resilience within approximately five years (cluster 2) in accordance with the
general and average trend (Figure 1), while others showed a cumulative growth increase
two or more years after the fire compared to the pre-fire reference period.

This inter-tree variability can have different origins, such as the spatial variability of fire
intensities including within a fire (the fire intensity is never uniform on a scale of a few
meters) that has aftermaths on nutrients through organic matter consumption, tree age,
genetic variability, tree-density around scarred trees (competition for water and
nutrients), soil (depth) and topography slope. Trees behaving differently to fire has not
changed through periods (Figure 3) indicating that the four clusters highlighted did not
result from different behaviour due to MFl variation. Thus, this result does not support our
working hypothesis which proposed that fire intervals over decades could control for the
resilience of black pine. Fire per se, and their frequencies are not the Achilles’ heel of the
resilience alteration to fire event. Because the decreasing trend of resistance and
resilience is progressive over the past 300 years (Figure 6), the main driver is probably
atmospheric.

PDSI and summer conditions control resistance and resilience of black pine

Climate appears to be the primary driver of the long-term changes in resistance and
resilience; climatic characteristics have modified resistance and recovery time since the
18" century. Interestingly, although annual and seasonal temperature and CO; have been
the main atmospheric changes over the past 300 years (Figure 4), trees have mainly
interacted with drought and summer precipitation (Figure 5) despite the low variability of
these features. Higher PDSI values and greater summer precipitation were associated
with enhanced post-fire radial growth. The PDSI formula uses precipitation and
temperature values to determine plant dryness, through moisture supply and demand
using a water balance model (Van Loon 2015). Since 1970, the response of TRI to PDSI
values have been driven by rising temperatures, which, in Corsica, have progressively
offset the slight influence of precipitation changes over the past 300 years (Figure 4). This
resulted in an increased dependence of trees on summer precipitation.

Such effect of precipitation and more generally PDSI on tree-ring could have been
predicted based on the studies in natural conditions (Martin-Benito et al., 2018) or
plantations (Lebourgeois 2000; Lévesque et al., 2014) who evidenced that black pines
were sensitive to drought, mostly during the growth of late-wood (Martin-Benito et al.,
2018), i.e. in summer and autumn (Hausser et al., 2021; Sahan et al., 2024). This
interaction between fire and drought reveals a cascading effect of climate on the
disturbance (Buma 2015): without climatic effect, fire display low-to-moderate severity,
whereas with drought the fire severity is increased according to degraded resistance and
recovery time. This question concerns the future of the black pine in Corsica, knowing
that climate change is expected to increase the frequency and duration of heat waves
and droughts (Turco et al., 2018; Ruffault et al., 2020). If fire frequency remains moderate
(long MFI) as has been the case since the 1970s (Badeau et al., 2025), largely due to fire
suppression policies (Fréjaville et al., 2018), the effect of climate on tree dynamics is
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expected to be moderate. However, as shown by our data and studies (Cunningham et
al., 2024), the extreme fires and the complex effect of drought and fire risks could lastingly
jeopardize black pine in its natural range in the Mediterranean basin.

Figure 3 highlights a slight but significant decrease in TRI one year before the fire year
during the two periods of long MFI, P2 and P4. It cannot be excluded that climatic stress
already affected trees in the year preceding the fire. This phenomenon possibly requires
a specific and in-depth analysis of the relationship between climate variability and fire
occurrence, as well as its potential consequences for tree response to fire.

CONCLUSION

Our tree-ring analyses shows a progressive and long-term decline in the fire resistance
and resilience of black pine over the past three centuries, largely driven by increasing
drought rather than mean fire interval, temperature, or CO,. The findings highlight the
growing vulnerability of Mediterranean forests to disturbances under a drying climate.
Future research should quantify species-specific thresholds of drought tolerance,
integrate physiological data to model recovery processes, and assess whether adaptive
land management or even assisted seedling regeneration could enhance forest resilience
under projected climate scenarios.
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Figure S1. (a) Location of the four study sites in Corsica, western Mediterranean Basin, and (b,c)
regime of fire intervals baseline since 1700. In (b) the temporal distribution of fire intervals is
fitted with a polynomial model to highlight the trend in fire intervals (r? = 0.32; p < 0.05); the latest
value per site corresponds to the time-since-last-fire fixed in 2024; above the graph, horizontal-
coloured lines represent length of fire chronology per site with Tartagine (blue) being the longest
and Bavella (orange) the shortest. (¢) Mean fire intervals per period (boxplots); common bold
letters indicate means not significantly different by the Wilcoxon-test at p = 0.05); significant
differences between MFI are indicated by p-values. More details on fire regime, reconstruction
and analysis, in Badeau et al., (2025).

Table S1. Description of site characteristics from the northern to southern region of Corsica,
France.

Site name Latitude Longitude Elevation (m a.s.l.) Slope (%)

(° north) (° east) Min Max Mean Min Max Mean
Tartagine 42.474 8.943 1164 1533 1324 10 90 49
Melo 42.312 9.072 1193 1617 1439 5 50 29
Vivario 42.144 9.174 993 1417 1194 15 90 52
Bavella 41.791 9.238 937 1293 1101 0 80 44
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Table S2. Characteristics of samples and their number per plot and site (from north to south),
with indication of number and percentage of successful crossdated chronologies per plot.

Sample type (number) Crossdated
Site Plot Living Snag Log Stump no %
01 10 1 9 82
02 12 1 10 77
. 03 11 8 73
Tartagine 04 9 1 3 1 10 71
05 6 1 3 9 90
06 4 1 3 60
01 5 3 7 11 73
02 5 2 1 8 10 63
Melo 03 4 2 4 6 8 50
04 9 1 1 3 6 43
05 8 5 2 6 7 33
01 6 1 1 7 88
02 7 1 3 3 9 64
L 03 5 1 1 3 8 80
Vivario 04 4 6 8 80
05 6 3 2 9 82
06 7 3 1 7 64
01 10 1 8 73
02 10 4 8 57
Bavella 03 6 2 3 5 45
04 10 2 11 92
05 8 4 9 75
Total 22 162 32 22 54 180 67

Figure S2. Cross section of a black pine, dated from 1824 to 2021 (image: Justin Badeau). Wood
sample taken from a living tree (length 25 cm; width 8 cm). Green arrows show seven fire scars
170 years, and blue crosses show rings that have been measured and crossdated.
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Table S3. Temporal components of fire regime per site considering all fires, from north (left) to
south (right); boundary years refer to the first and last recorded fires (from Badeau et al. 2025).
The mean fire interval (MFI) characterises the regime, while the coefficient of variation illustrates
its stochasticity, which is generally low (< 1.0), and the Min and Max values indicate the range of
variability. No significant differences in MFIl between sites were found (Wilcoxon test, p = 0.05).

Parameters Tartagine Melo Vivario Bavella
Fire chronologies
Length span (years) 345 234 193 73

Boundary years (AD years)
Fire number
Fire Interval

[1659-2003]
17

[1710-1943]
18

[1820-2012]
15

[1887-1960]
5

Mean *sd (years) (MFI) 21.5+19.1 11.8+£7.4 13.7£12.5 27.4 £23.8
Coefficient of Variation 0.86 0.58 0.93 0.78
Median (years) 17 1 12 21

Min and Max (years) 2-60 2-81 2-46 1-64
Wilcoxon tests

Tartagine 1.00 0.53 0.61 0.77

Melo 1.00 0.95 0.30
Vivario 1.00 0.49
Bavella 1.00

Table S4. Statistics of periods of mean fire intervals, their variances (sd, SE), and an indicator of
stochasticity (coefficient of variation, CV); a CV-value < 1 means little variation in mean fire
interval and lack of stochasticity (Badeau et al., 2025)

Periods Site number Intervals Mean Standard Standard Coefficient of
(n) (n) (years) deviation error variation
(years) (years) (CV)
1719-1848 2 22 10.0 5.7 1.2 0.57
1849-1922 3 10 28.8 14.9 2.8 0.52
1923-1970 4 15 9.9 7.4 2.4 0.75
1971-2024 4 7 38.7 271 4.4 0.70

Table S5. Proportions (%) of 16-year fire sequences assigned to each cluster for each MFi
period. For some periods, only 2 or 3 clusters were observed, represented by empty cells.
Percentages are rounded to the nearest integer. Numbers followed by an asterisk indicate
sequences that regain larger TRI after fire than pre-fire reference.

Periods Cluster 1 (%) Cluster 2 (%) Cluster 3 (%) Cluster 4 (%)
1719-2024 23* 25 26 27
1719-1848 43 36 21

1849-1922 46 54 *

1923-1970 48 * 52

1971-2024 34 27 * 39
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Figure S3. Pairwise statistical comparisons of MFI periods based on temperature, precipitation,
PDSI (drought index), and atmospheric CO, concentration: p-values associated with Wilcoxon
tests to determine differences between MFI periods (P1: 1719-1848; P2: 1849-1922; P3: 1923-
1970; P4: 1971-2024). *** =< 0.001, ** < 0.01, * < 0.05 and grey results are non-significative, but
0.1 <p-values <0.05 are in light grey.
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