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A B S T R A C T   

Fire is a potential significant driver of soil erosion in the Mediterranean area, as it results in the partial removal of 
vegetation and the alteration of organic matter, affecting soil structure and stability. The erosion of particle sizes 
is influenced by the intensity and duration of rainfall, regulated by disturbance regimes and vegetation cover. We 
hypothesize that, during the Holocene, high fire frequency and intensity under precipitation control may have 
contributed to soil erosion, while plant cover and composition could have mitigated it. This plant cover, in turn, 
might have been influenced by biomass burning. To test this hypothesis, we conducted a detailed analysis of 
sediments spanning the last 11,500 years from a small mountain lake, Corsica, situated in the black pine forest 
belt. The high temporal resolution analysis (~10 years per sample), used granulometry and loss-on-ignition as 
proxies for erosion and ecosystem productivity in both the lake and watershed, and fire and plant macroremains 
as fire and tree cover proxies, respectively. The correlation between particle size and the contents of organic or 
mineral matter with mean fire return intervals (FRI) revealed significant patterns. Long fire intervals were 
associated with more fine and coarse sands, whereas short mean FRI positively correlated with clay and, fine and 
coarse silt, along with higher total mineral and organic matter contents. These findings suggest that fires were 
more frequent when rain duration was sustained but runoff intensity was lower. Conversely, wildfires were less 
frequent during intense runoff periods (wetter climate). Unlike fire frequency, fire severity did not correlate with 
erosion, and tree cover and plant richness had minimal to no effect. The 8.2 kyr event was characterized by 
runoff transporting primarily coarse sands, i.e. a dry period with very intense rains. This suggests that the system 
is primarily top-down controlled by climate. Multimillennial erosion trends are influenced by fire frequency and 
precipitation regimes, whereas vegetation does not seem to have a mitigating effect on this process.   

1. Introduction 

Fires are potentially a major global threat to the environment and 
societies (Riera et al., 2007). They are enhanced by global warming, 
increasing drought, and reforestation (Rogers et al., 2020), with com
plex nexus to land uses (Moritz et al., 2014; Sayedi et al., 2024). In areas 
with long-lasting land use abandonment, the increasing woody biomass 
and tree-cover contribute to rise fire severity (Fernandez-Guisuraga and 
Calvo, 2023). In Europe, Mediterranean areas have a high fire risk due to 

landscape and climate conditions (Turco et al., 2018; Ruffault et al., 
2020). Therefore, these areas are kettles of environmental threats and 
social concerns both linked to burning (Pausas and Fernandez-Muñoz, 
2012; Moritz et al., 2014). 

Soil loss and erosion are among the most important fire-related 
environmental issues (Shakesby, 2011; Stefanidis et al., 2022; Roshan 
and Biswas, 2023), notably in Mediterranean or arid areas due to 
vegetation removal and consumption of soil organic matter (OM). Soil 
OM plays a key role as a binder and reactor for mineral matter (MM), 
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resulting in stable organo-mineral aggregates (Roshan and Biswas, 
2023). Vegetation protects soil from erosion (Riera et al., 2007) 
although it remains complex to assess due to counter-effects (Nearing 
et al., 2004). Roots retain soil particles, and foliage attenuates the direct 
effect of water drops on the ground (Fernández-Raga et al., 2017). If not 
protected by vegetation, soil aggregates are disintegrated, and particles 
can be eroded according to their size and the rainfall regime following 
fires (Kinnel, 1976; Fernández-Raga et al., 2017). In forests, woody 
debris on the ground also attenuate runoff and erosion (Merganič, et al., 
2023). If not protected by vegetation, smaller particles can be easily 
transported by gentle rains, while larger particles typically need intense 
rains and runoff to be transported, because of inertia and drag forces 
(Shi et al., 2013; Nguyen et al., 2016; Sun et al., 2021). In general, 
precipitation duration controls the total mass movement of MM, 
whereas rainfall intensity controls the selective transportation of parti
cles according to their size (Sun et al., 2021). 

The selected site, Creno lake (Corsica, west Mediterranean basin) 
presents sediments covering the past 18,000 years (Reille et al., 1997; 
Leys et al., 2014), but the present analysis will focus on the past 11,650 
years (Holocene; Walker et al. 2009) characterized in this lake by per
manent vegetation cover and fire occurrence: the site has indeed expe
rienced changes in fire regimes (Leys et al., 2013), as well as in 
vegetation and fire-vegetation interactions (Leys et al., 2014). Fire re
gimes and vegetation cover are included in the analysis as potential 
direct or indirect drivers of erosion. The regional climate has also un
dergone variations (e.g., Bini et al., 2019; Lüning et al., 2019; Cisnero 
et al., 2021). While bedrock and topography can be considered fixed 
environmental factors since the last glaciation, sediment composition in 

MM and particle size are thus expected to have fluctuated significantly 
according to changes in precipitation, fire and vegetation, including tree 
cover or species composition (Fig. 1). We assume that changes in sedi
ment granulometry is associated with periods of intense rain (more 
sands), longer rain (more MM), and gentle or Saharan “red” rain (more 
clays) (Fig. 1a). The chronology of the Saharan rain has been otherwise 
well established in Corsica by the sediment analyses of a supra-forest 
lake situated at 22 km to the southeast of the study site (Sabatier 
et al., 2020). 

We hypothesize that during the Holocene, long-term soil erosion 
could result from higher fire frequency and severity, and that erosion 
could be mitigated by plant cover or composition, which would have 
changed according to biomass burning. Finally, the sediment gran
ulometry would be linked to the precipitation regime. More intense rains 
transport more sands by runoff, while clay particle can only result from 
erosion from the watershed, Saharan air masses, or both. Indeed, 
Saharan air masses supply “red dusts" that are important clay and nu
trients inputs in southern Europe (Loye-Pilot et al., 1986; Marti
nez-Cortizas et al., 2019). Long-distance inputs of dusts can alter the 
elementary and particles budget in Mediterranean-type mountains 
(Loye-Pilot and Morelli, 1988; Aciego et al., 2016). To test this general 
hypothesis, sediments must be analyzed at high temporal resolution, to 
establish accurate interactions between the ecosystem components, i.e., 
vegetation, fire and soil, to decipher which ones behaved as erosion 
drivers, and how. 

Fig. 1. Conceptual framework of the study. (a) The granulometry reflects the precipitation regime, where the ratio of sand:total input reflects intense rainfalls, and 
the clay:total input illustrates low intense rainfall or the contribution of Saharan ‘red’ dust; silts should represent an intermediate pattern of rainfall. (b) From 
charcoal counting to reconstruction of fire regime, where charcoal peaks represent fire events, time between two consecutive peaks is the fire return interval (FRI), 
the magnitude of charcoal peaks corresponds to fire severity (CHARc or CHARa), and the background is the influence of extra-local fires (CHARback). (c) The tree- 
cover can be reconstructed based on concentration rates (or influx) of tree macro-remains. (d) Summary of key proxies and their interpretation on a bi-plot similar to 
multiple factor analysis. 
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2. Material and methods 

2.1. Study sites 

Creno lake (1310 m asl; 42◦12′17″N, 08◦56′45″E) is located in a west- 
facing slope of the Rotondo massif, western Corsica (Fig. 2 and S1). The 
1.5-ha and 6.5-m deep lake is situated on a flat area on a narrow crest 
similar to a “horse saddle” (Fig. S1). It has no permanent inflow. Rain
falls are captured within a small catchment (~25 ha) peaking at 1511 m 
asl. The bedrock is based on monzonitic granite, that generates acidic 
and shallow cambisol with a loamy-sandy granulometry, and moder or 
dysmull humus (IFN, 2006). 

Climate varies highly from site to site in Corsica due to an abrupt 
mountain relief (north-south ridges) and dominant westerly air masses 
supplying moisture. In the nearest weather station from Creno lake at 
755 m asl, for the 1991–2020 period, the mean annual temperature was 
11.8 ◦C, with mean monthly temperatures of 4.9 ◦C for the coldest 
month (January) and 20.1 ◦C for the warmest (August). Mean annual 
precipitation was 1181 mm, ranging from 98 mm during the growing 
season (PJJA), and 379 mm in winter (PDJF). The wettest month was 
typically November with more than 190 mm on average. Gams indexes 
(Michalet et al., 2020) for summer and winter are of 66◦ and 30◦, 
respectively, characterizing a semi-arid (summer) to very-humid 
(winter) Mediterranean mountain climate. Between 1993 and 2020, 
the maximal daily precipitation was 92 mm day− 1 on average, ranging 
from 52 mm day− 1 (August 1998) and 133 mm day− 1 (May 1994), 
which reveals a precipitation regime with high runoff and erosion power 
that can occur in any season. 

Regarding vegetation, the lake is situated in the lower montane belt 
characterised by mixed forests of Pinus nigra laricio (Poir.) Maire (Cor
sican pine), Fagus sylvatica L. (beech), and Abies alba Mill. (white fir) 
with an understorey of Genista corsica (Loisel.) DC, G. salzmannii DC and 
tall heather species, mainly Erica arborea L. (Gamisans et al., 2000). 

The onset of the Holocene (~11,650 cal year BP) was marked by a 
rapid treeline shift, the establishment of P. laricio woodlands with low 
species turnover, and a long-term increase in taxa richness as a result of 
successive expansions of broadleaved deciduous trees. Despite a mean 
fire-return interval (FRI) of 135 years during the Holocene, P. laricio- 
dominated woodlands persisted for several millennia, and fires likely 
played a functional role in these woodlands. The mean FRI of 135 years 
between fires correspond to a frequency of 7.5 fires per 1000 years (Leys 
et al., 2014), which is much lower than reported over the past two 
centuries in a study carried in central Corsica with 41 major fires per 
1000 years (Badeau et al., 2024). This Corsican high frequency during 
the last 200 years matches the records in similar black pine forest in 
Spain (64 per 1000 years in Fulé et al., 2008), Greece (67 in Christo
poulou et al., 2013), and Turkey (59 in Şahan et al., 2022). 

2.2. Sampling 

Parallel overlapping cores were extracted in 2009 from the deepest 
area of the lake, at a water depth of ~6 m using both a large Russian 
corer for the compacted sediment (starting at 20 cm under the water- 
sediment interface, ended up at about 7 m sediment depth), and a 
Kajak-Brinkhurst corer for the uppermost water-saturated sediments 
(about 30 cm depth) at the same coring point, before the Russian corer 
extraction. 

Two parallel 7-m cores were sampled with the Russian corer in order 
to analyze sediments by avoiding the core section transitions where the 
device disturbed the sediment. One core was used for sedimentological 
analysis (present study), and the second one for the analysis of charcoal 
and terrestrial plant macrofossils (Table 1, details in Leys et al., 2013, 
2014). The two parallel cores have been correlated based on sedimen
tary descriptions and charcoal concentrations, and with the 
Kajak-Brinkhurst core, to constitute a master-core of 695 cm in total 
from the water-sediment interface to the deepest collected sediment. 

2.3. Isotopic dating 

Isotopic radioactive measurements (210Pb and 137Cs) were used to 
build an accurate age~depth model for the upper sediments (Kajak- 
Brinkhurst core), and radiocarbon (14C) for the longest and deepest 
cores. Dating of sedimentary layers was carried out using 210Pb and 
137Cs methods on a centennial time scale. Both nuclides together with U, 
Th, and 226Ra were determined by gamma spectrometry at the 
Géosciences Montpellier Laboratory. The 1-cm-thick sediment layers 
were sieved in order to obtain the fraction smaller than 1 mm. This 
material was then finely crushed after drying and transferred into small 
gas-tight PETP (polyethylene terephtalate) tubes (internal height and 
diameter of 38 and 14 mm, respectively), and stored for more than 3 
weeks to ensure equilibrium between 226Ra and 222Rn. The activities of 
the nuclides of interest were determined using a Canberra Ge well de
tector and compared with the known activities of an in-house standard. 
Activities of 210Pb were determined by integrating the area of the 46.5 
keV photopeak. 226Ra activities were determined from the average of 
values derived from the 186.2 keV peak of 226Ra and the peaks of its 
progeny in secular equilibrium with 214Pb (295 and 352 keV) and 214Bi 
(609 keV). In each sample, the (210Pb unsupported) excess activities 
were calculated by subtracting the (226Ra supported) activity from the 
total (210Pb) activity. Here, parentheses () denote activities. Activities of 
137Cs were determined by integrating the area of the 661-keV photo- 
peak. Error bars on (210Pbex) and (137Cs) do not exceed 6%. 

The depositional model was extended down the core using 11 cali
brated 14C dates measured by accelerator mass spectrometry (AMS) on 
plant macrofossils or on the total organic matter contents of bulk sedi
ments when macrofossils were not sufficiently abundant (Table 1). The 
age~depth model was performed using Bacon R package (Blaauw and 
Christen, 2011), based on 210Pb and 14C dates reported in Table 1, with 
calibration of 14C dates into calendar years (hereafter Cal BP) through 
IntCal 20 (Reimer et al., 2020) (Fig. 2). To test the robustness of the age 
~ depth model, we compared it to the un-modelled 14C chronology of 
Reille et al. (1997, 1999), and with the chronology of the seminal study 
published by Leys et al. (2014), which was found to be correlated at 
0.9995. 

2.4. Sedimentological measurements 

The 7-m long core was sampled every 1 cm for sediment analysis, 
totalizing 677 samples, including 439 during the Holocene (11,650 cal 
BP to present) and 238 during the Lateglacial starting at 18,000 cal BP 
and ending with the Younger Dryas (12,900 to 11,650 cal BP; Walker 
et al., 2009), a cold period in the Northern Hemisphere. 

The composition of sediment in terms of organic and mineral matter 
was determined through loss-on-ignition (LOI). Following sediment 
drying at 105 ◦C for 2 h, LOI was conducted at 550 ◦C for 1 h at 1-cm 
intervals along the core to assess the relative abundance of organic 
matter (sediment consumption) and the residues from ignition. Ignition 

Table 1 
Accelerator mass spectrometry (AMS) radiocarbon dating on plant remains 
(needles of P. nigra laricio or seeds of Betula) and bulk sediment.  

Depth (cm) Lab code 14C years BP Dated material 

90–95 Poz-36753 1415 ± 30 Plant remains 
175–180 Poz-36754 3360 ± 35 Plant remains 
240–245 Poz-36755 4705 ± 35 Plant remains 
355–360 Poz-38609 7740 ± 60 Plant remains 
370–375 Poz-36803 8150 ± 50 Bulk sediment 
385–390 Poz-38612 8350 ± 60 Plant remains 
435–440 Poz-36758 9630 ± 50 Plant remains 
495–500 Poz-36759 11,250 ± 60 Plant remains 
526–531 Poz-36802 12,850 ± 80 Bulk sediment 
580–585 Poz-36760 13,130±70 Bulk sediment 
670–675 Poz-38611 14,430 ± 90 Bulk sediment  
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residues are considered to be inorganic particles, such as silt, clay, and 
sand, originating from the watershed or, possibly, from aeolian activity, 
and referred to as mineral matter. LOI measurements were not taken in 
the top 20 cm of the core sequence due to the limited sediment volume 
caused by suspended sediment at the water-sediment interface. 

For granulometric analysis, sediments were sieved wet at 2 mm. A 
laser particle sizer Coulter LS-230 was used equipped with an ultrasound 
probe to obtain granulometric fractions from 0.3 μm to 2 mm in diam
eter. Particles were classified in 92 intervals of diameter-class (Fig. S2) 
and grouped into 5 categories (Table 3) according to the usual classifi
cation (Day, 1965). 

2.5. Charcoal-based fire reconstruction 

For fire analysis, the core was sampled every 0.5 cm yielding 1400 
contiguous 0.5-cm thick samples. Charcoal measurements included 
charcoal concentration per area, CHARconc (unit: nb cm− 3) and charcoal 
accumulation rates, CHARarea (mm2 cm− 2 yr− 1) (Leys et al., 2013). The 
magnitude of CHARconc or CHARarea at a fire event is a proxy for the area 
burnt or fire severity (Hennebelle et al., 2020). 

Local fire episodes were inferred from the charcoal record using the 
decomposition approach, which separates the charcoal peaks CHARpeak 
and charcoal background CHARback (Higuera et al., 2011). The CHAR
peak is a proxy for local fire events because most charcoal particles are in 
situ produced (Clark et al., 1998; Ohlson and Tryterud, 2000; Lynch 
et al., 2004) in the absence of runoff mobilization from the catchment 
(Carcaillet et al., 2007). The CHARback component is a proxy for the area 
burned in the near valleys of Creno Lake, but also probably during local 

frequent surface fires, which are assumed poorly productive in terms of 
charred particles and difficult to detect using the above numerical 
pipeline. 

The abundance of charcoal (CHARconc or CHARarea) associated to a 
charcoal peak is a proxy for burned conifer forest areas or fire severity 
considering the distance of the burned area from the lake (Hennebelle 
et al., 2020), but this could be filtered by the riparian forest around the 
lake in dry conditions (Aleman et al., 2013). Today, there is no such 
riparian vegetation surrounding the mountain lake of Creno as well as 
around the other mountain lakes in Corsica. 

2.6. Plant macroremains-based vegetation reconstruction 

For plant-cover estimates, the core was sampled every 1 cm, yielding 
695 contiguous 1-cm thick samples (Leys et al., 2014). To characterize 
past vegetation, subfossil plant macroremains were preferred to pollen 
record that biases local vegetation pattern in mountain areas with sever 
relief due to long distance transport of pollen, notably of Pinus (Blarquez 
et al., 2013). Subfossil plant macroremains were identified and their 
abundances were expressed as accumulation rates (or influx) based on 
deposition time as computed by the age ~ depth model (fragments nb 
cm− 2 yr− 1). Only plant macroremains whose abundance were greater 

Fig. 2. (a) Location of Corsica within southern Europe, (b) Location of sedi
mentary records in Corsican mountains of the Rotondo massif, and (c) Age~
depth model for the Creno Lake core based on 210Pb and 14C dates, run on 
Bacon package of R cran. 

Table 2 
Variables used in the Multiple Factor Analysis (MFA).  

Category Data Abbreviations Units 

Vegetation Macroremains of fruits of Betula Betula pieces. 
yr− 1.cm− 2 

Macroremains of cones and needles of 
Pinus laricio 

Pinus laricio pieces. 
yr− 1.cm− 2 

Macroremains of leaves and seeds of 
Fagus 

Fagus pieces. 
yr− 1.cm− 2 

Rarefaction of all plant macroremains 
following Blarquez et al., (2013) 

Rarefaction No unit 

Fire Charcoal area accumulation rate CHARa cm2.yr− 1. 
cm− 2 

Charcoal count accumulation rate CHARc pieces. 
yr− 1.cm− 2 

Fire return interval FRI Years 
Sediment Concentration of mineral matter from 

loss-on-ignition (LOI) of bulk dry 
sediment 

MM mg.cm− 3 

Concentration of organic matter from 
loss-on-ignition of bulk dry sediment 

OM mg.cm− 3 

Grain size particles from 0 to 2 μm Clay % 
Grain size particles from 2 to 20 μm FineSilt % 
Grain size particles from 20 to 50 μm CoarseSilt % 
Grain size particles from 50 to 200 μm FineSand % 
Grain size particles from 200 to 2000 
μm 

CoarseSand %  

Table 3 
Outputs of the change point analyses (dates, expressed in cal BP) based on the 
mean (Mean) and on both the mean and variance (Mean + Var). Fixed maximum 
period of Q = 4, corresponding to 3 points changes are reported for the highest 
Akaike Information Criterion (AIC).  

Variables Mean based 
moments (cal BP) 

Mean + Var based 
moments (cal BP) 

Common dates 
(cal BP) 

Clay No change in mean 11,260; 10,379; 5530 – 
Fine silt 10,760; 4873; 3141 10,411; 5878; 3141 3141 
Coarse silt 10,411; 5914; 3141 10,411; 5914; 3141 10,411; 5914; 

3141 
Fine sand 8391; 7593; 5231 8361; 7593; 5231 8361; 7593; 

5231 
Coarse sand 10,411; 3169; 221 10,760; 3169; 208 3169 
Organic 

Matter 
10,348; 4567; 2055 4567; 3811; 2134 – 

Mineral 
Matter 

11,295; 10,348; 
4400 

11,226; 10,348; 4400 10,348; 4400  
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than 2% during the Holocene (11,650 years) were used for the analysis 
of interactions with sedimentological and fire variables. Accumulation 
rate of tree macroremains is a proxy of tree basal area or tree cover, since 
the higher the basal area, the more abundant the macroremains (Blar
quez et al., 2012; graphical explanation in Fig. 1c). 

The richness of plant macroremains was calculated following a 
rarefaction method appropriate for low abundances of bio- or geo- 
proxies and, takes into account the variability in deposition time 
resulting from the age ~ depth model (Blarquez et al., 2013). We used 
codes available here: http://paleoecologie.umontreal.ca/categ 
ory/code/ to estimate taxonomic richness [E(Tn)] based on rarefaction 
analysis, following: 

E(Tn)=
∑T

i=1
1 −

⎡

⎢
⎢
⎣

(
N − Ni

n

)/(
N
n

)

⎤

⎥
⎥
⎦

where E(Tn) is the rarefied taxonomic richness, N is the influx sum of 
particles in a sample, Ni is the influx of particles for the ith taxon, and n 
the minimum influx along a sedimentary record (Heck et al., 1975). 

2.7. Statistical analyses 

Z-score values were calculated to depict positive and negative de
viations from the mean across the specified period for grain size cate
gories. The data were centered and scaled using the scale function on the 
R base package. To determine the time periods presenting the most 
contrasting conditions for each sedimentological variable, change point 
analyses were performed on time series of clay, silts, sands, OM and MM. 
The change point analyses were based on mean, or on both mean and 
variance. For the analysis solely based on means, the function applied 
from the R package changepoint (v2.2.4, Killick and Eckley, 2014) was 
cpt.mean() with the SegNeigh method and AIC penalty. To conduct the 
analysis considering both mean and variance, the R function used was 
cpt.meanvar(). As this study specifically centers on the Holocene, during 
which interactions between fire and plant cover occurred, the time span 
for the change point analyses encompassed the series from 11,500 cal BP 
to present day. 

Regarding the charcoal record, the statistical analyses resulted in the 
estimation of two of the three complementary components of the fire 
regime i.e., temporal component, spatial component (severity) and fire 
behavior (He et al., 2019). The FRI describes the temporal component of 
the fire regime, whereas the magnitude of CHARarea (or CHARconc) 
characterizes the local fire severity or burned area (schematized in 
Fig. 1b). 

A multiple factor analysis (MFA; Escofier and Pages, 1994; 
Bécue-Bertaut and Pagès, 2008) was conducted to decipher the links 
among the different variables considered in the present study (Fig. 1d). 
The MFA is a symmetrical ordination based on correlation. This analysis 
was specifically chosen to ordinate the different variables (not assumed 
to be explanatory in the first place) with no risk of overfitting. Variables 
(Table 2) were grouped into three categories: sediment (7 variables), 
vegetation (4 variables), and fire (3 variables). The MFA was carried out 
using the MFA function from the FactoMineR package (Husson et al., 
2007). The MFA outputs were plotted using the fviz_mfa() function from 
the factoextra package (Kassambara and Mundt, 2019). The quality of 
the representation (cos2) of each variable for the four first axes of the 
MFA, i.e. the proportion of the variable, were illustrated by each axis 
using the corrplot() function from the corrplot package (Wei et al., 
2017). To analyze the relationships among the three groups of variables, 
the rhô-vectorial (RV) coefficients from the MFA were extracted, 
measuring the similarity (squared correlation) between each pair of 
groups, and expressed between 0 (minimum) and 1 (maximum). These 
coefficients were finally tested using the coeffRV() function from the 
FactoMineR package. 

Generalized additive models (GAM) have been plotted on long term 
trends of sedimentology variables over time (Fig. 6 and S4). Linear re
gressions with adjusted R-squared and p-value were also performed 
between the FRI, the sedimentological individual variables and the plant 
rarefaction using the summary function on lm functions of the R basic 
package. The graphs showing the data points (Fig. 6 and S4), the line 
derived from the linear model and the confidence interval envelope 
around the line, were plotted with the ggplot2 package, geom-smooth 
(method = lm) function on R (Wickham, 2016). 

3. Results 

3.1. Dynamics of particle sizes, organic and mineral matter 

The high-resolution chronology of z-scores of clays, silts and sands 
cover the Younger Dryas (YD) and Holocene, specifically from 12,250 
cal BP to present (Figs. 3 and 4 and S3). Table 3 presents the significant 
change points determined from the clay, silt, sand, MM and OM con
tents. The moments of change points are plotted in Fig. 2 based on only 
the mean, or the mean plus the variance. 

The Lateglacial and YD periods are marked by the highest z-score 
values for all grain sizes, on the positive side for clay and silt and 
negative for sand, except a small incursion into positive values of coarse 
sand during the Lateglacial/YD transition (Fig. S3). These periods are 
characterized by a very poor vegetation cover (no forest), and a lack of 
soil, or a non-mobilized soil. The fine particles constitute the main 
contribution to the lacustrine system. To better highlights the particle 
size pattern during the Holocene and reduce the magnitude of the y axis, 
we therefore plotted the values from 12,000 cal BP. 

Clay, fine silt and coarse silt particles show similar trajectories with 
high z-scores from 11,500 to 10,400 cal BP, then low and rather steady 
values until ca. 5500 cal BP. From 3140 until today clay and silts display 
very high z-scores. The period between ca. 5900 and 3140 cal BP is 
intermediate and oscillating around the null values. 

Fine and coarse sands present similar temporal patterns of z-scores, 
but differences can be observed (Fig. 3). First, coarse and fine sands 
increased from 11,500 cal BP to 10,700–10,400 cal BP, and then 
remained high until 8400 cal BP for fine sands and until 7500 cal BP for 
coarse sand but with a very noisy pattern. At ca 8400 cal BP, fine sands 
remain high, then dropped dramatically until 7600 cal BP, attaining 
their lowest Holocene values at 8250 cal BP. After the drop, fine sands 
start to recover presenting values similar to what they were before 8400 
cal BP. This phase lasted 800 years and present an important similarity 
in terms of magnitude and duration with the pattern observed during the 
transition between the late YD and the early Holocene, from 12,250 to 
10,750 cal BP (Fig. 4, Fig. S3). From 7600 to 5200 cal BP, the fine sands 
contents were on average high, then slightly decreased until today with 
a noisy pattern (Fig. 3). The coarse sands content was also high, but 
extremely noisy from 10,400–3200 cal BP. Values decreased slightly 
after 3200 cal BP, but in a noisy way that indicates high variability, 
reaching the lowest values between 2250 and 900 cal BP. The last 900 
years presented a gentle uptrend, much steeper since 200 cal BP. The 
8250 cal BP event was marked only recorded in terms of fine sands 
excursion between 8400 and 7600 cal BP (Fig. 4; Table 3). 

To sum-up the multimillennial trends, clay and silt presented similar 
contrasts with those of sands (Fig. 3, Fig. S4). The only period in which 
fine sands did not behave as coarse sands was in a period surrounding 
the 8.2 kyr event (from 8400 to 7500 cal yr BP) where only fine sands 
dropped abruptly before rising progressively for 600 years (Fig. 4). 
Because of these similarities, the drivers that controlled the fine sands 
during the YD/Holocene transition and the 8.2-kyr event present com
mon pattern between these two times suggesting common climatic 
features. On average, the first part of the Holocene (10,500–5900 cal BP) 
corresponds to high z-scores of sands, and the third part since (i.e., 3140 
cal BP) presents high z-scores of clay and silt. The second part between 
5900 and 3140 cal BP was transitory presenting values around 0, which 
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is intermediate between the early and the late Holocene. 

3.2. Relationships among fire, vegetation, and sediment variables 

The multiple factor analysis, MFA (Fig. 5), shows that variables 
associated to sediments (i.e., organic matter, mineral matter, coarse and 
fine silts, and clay) were positively represented on the positive side of 
the axis 1, these variables were negatively correlated to both coarse and 
fine sands, as well as to the long fire return interval (FRI). The MFA axis 
1 represents a gradient of precipitation and fire frequency. Important 

tree cover, fine sediment and organic content, and frequent fires are 
opposed to coarse silt and sand. The MFA revealed that charcoal accu
mulation rate values (CHARa and CHARc) were poorly correlated with 
vegetation and sediment variables, but moderately correlated to FRI. 
The second axis is driven by CHARa and CHARc, which is a gradient of 
fire severity or burned area. Variables of the vegetation group are poorly 
represented on the two first MFA axes, which capture 44.3% of the total 
data variability (Axis 1: 26.7%; Axis 2: 17.6%). The other three axes 
represent only 14.6, 9.6, and 8.1% of variance (Fig. 5) making them 
poorly informative. Vegetation variables, more specifically Fagus and 

Fig. 3. Mineral matter fractions plotted against time. Data series have been transformed (z-scores) in order to preserve trends and compare data. The null value 
corresponds to the mean over the considered period. 
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Fig. 4. Pattern of fine and coarse sands at the end of Younger Dryas and at the 8.2-kyr event, (a) as a function of time in calendar years BP, and (b) synchronized on 
the minimum values before the recovering phase. The Younger Dryas z-scores of all grain-sizes are presented in Figs. SI–2 that cover part of the Lateglacial (from 
14,000 cal BP) to the early Holocene (9000 cal BP). 

Fig. 5. Multiple factor analysis (MFA) for the three groups of variables: Fire (2 variables), Sediment (7 variables) and Vegetation (4 variables), as reported in Table 1. 
(A) Scatter plot of all variables in the two main axis; (B) corrplot of the first four axes, with their respective percentages, and the variables contributions for each axe. 
The size of the circle as well as the color range from red to blue is proportionate to the importance of the variable for the axis considered. 

B. Leys et al.                                                                                                                                                                                                                                     



Quaternary Science Reviews 331 (2024) 108602

8

Betula were better correlated to axis 3, and Pinus laricio to axis 4 (Fig. 5). 
The RV coefficients between groups (not illustrated) revealed the 

highest similarity of trends (15%) between fire and sediment variables, 
and the smallest between fire and vegetation variables (3%). The RV 
coefficient between vegetation and sediment variables was 7%, which is 
rather low. These RVs indicate that the best similarity between sediment 
and other environmental variables was found primarily for fire and 
secondly for vegetation. 

3.3. Correlations between the FRI and particle size or plant richness 

According to the results of the linear regressions (Fig. 6), the fire 
return intervals (FRI) were significantly correlated to the sediment 
variables (p ≤ 0.001). A positive relation was found between FRI and 
fine and coarse sands, whereas the reverse was found for clay, fine silt 
and coarse silt particles, as well as MM and OM content. The longer the 
fire intervals, the more sands, and the less clay and silts. Plant richness 
(rarefaction) was the only variable that was not significantly correlated 
with FRI. 

4. Discussion 

The present study shows that frequent fires correlated well with 

accumulation of mineral matter (MM). In detail, this first concerns clay 
and silts sorted by lower intensity rainfall, and second, with MM content 
that reveals longer but mild rains. The vegetation composition repre
sented by the abundance of pine, beech and birch was poorly correlated 
to sediment organic or mineral matter, as well as to the FRI and fire 
severity (CHARconc or CHARarea). These facts suggest there were no re
lationships between the tree-cover and erosion or fire occurrence. 
Sediment organic matter contents correlate well with FRI indicating 
significant litter inputs from the catchment supplying terrestrial organic 
matters to the lake and thus reducing the redox conditions. However, an 
increase in the lake productivity linked to nutrients brought by the 
vegetation combustion cannot be ruled out. 

These findings partly support the hypothesis that fire and precipi
tation regime controlled multimillennial erosion trends. However, 
contrary to our assumption, vegetation had little aftermaths on mass 
erosion, and sand particles were not related with high fire frequency that 
would remove vegetation facilitating erosion. Instead, climate seems to 
be the main factor controlling fire frequency. Wetter climate had 
fostered erosion of sand particles (intense rainfall) and decreased the 
frequency of fires. 

Fig. 6. Linear regression between plant richness (rarefaction), clay, fine and coarse silts, fine and coarse sands, mineral and organic matter contents and fire re
turn intervals. 
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4.1. Wildfires and drier climate covary, driving fine particles erosion 

The periods of high fire frequency (low FRI) correlated well with 
periods of inputs of clay and silts in the sediments, while periods of low 
fire frequency correlated with coarse sands (Fig. 6): the more fire, the 
more clay and silts were eroded, and conversely, the less frequent the 
fire, the more sand was eroded. This dipole suggests that the system is 
first and foremost top-down controlled by precipitation regimes. Wetter 
climate including high intensity rains yielded erosion of sands, mostly 
the coarse fraction, and reduced the occurrence of fire, while long drier 
periods favored fire occurrences and erosion of only clay and silts. 

Changes in MM occurred during periods of short FRI (Fig. 6). This 
underscores that past fires were associated to erosion, as extensively 
evoked in the Mediterranean (e.g., Myronidis et al., 2010; Shakesby, 
2011; Depountis et al., 2020; Stefanidis et al., 2022). The erosion of MM 
at Creno Lake supplied mainly clay and silts, which indicates that rains 
were not intense but probably lasted longer. However, this past 
observation-based output contradicts with model-based output that 
suggest erosion is linked to the amount and intensity of rain rather than 
the number of precipitation days (Nearing et al., 2004). The role of fire 
on erosion of clay and silts might be explained by the consumption of 
soil organic matters (e.g., Mirzaei et al., 2023) that binds mineral par
ticles and elements thus leading to a destruction of soil aggregates, a 
reduction of soil hydrophobia, and an increase in soil bulk density 
(Roshan and Biswas, 2023). After fires, these particles are free, more 
hygrophilous and more likely to be mobilized by even low intensity 
rainfalls. 

Organic matters (OM) appear partly linked to the vegetation cover, 
plant macroremains of Pinus, Fagus and Betula, since they were all driven 
on the MFA-1 (Fig. 5). Surprisingly, the OM content increases in sedi
ments when fires are more frequent (Fig. 6, p ≪ 0.0001). One could 
assume this increase result from post-fire erosion of terrestrial OM. 
However, fire probably released nutrients such as P, K, Ca, Mg from 
biomass combustion (Roshan and Biswas, 2023), thus changing the 
in-lake productivity of algae. Commonly, these elements are poorly 
recycled in lakes due to sequestration in sediments, making this terres
trial influx potentially useful to pulse lake productivity. However, it 
seems that lakes would be buffered or resilient to the nutrient fluxes 
associated with single fires (e.g., Lewis et al., 2004), but could be 
affected by the fire severity or frequency (Waters et al., 2019), which 
enhance the nutrient fluxes once in case of severity or repetitively for 
frequency. Overall, the OM increase associated with short fire intervals 
seems more related to erosion of litter and humus from the 
fire-associated lake area, but an increase in the lake productivity as a 
response to fire cannot be excluded. 

Finally, infrequent fires occurred when fine and coarse sands chiefly 
accumulated in sediments. This indicates that during periods charac
terized by intense rain/runoff, fires were less frequent, and the climate 
was likely wetter. However, despite our assumption, fire severity re
ported by CHARconc or CHARarea presents no links with fire frequency 
nor with clay influx reporting dryness. Interestingly, years of severe fires 
during 20th century have been driven by heat waves and dryness (Şahan 
et al., 2022) supporting simulations for the 21st century (Turco et al., 
2018; Ruffault et al., 2020). This suggest that recent years could have 
disrupted with the long range of variability reported in the present 
study. 

4.2. Precipitation trends over the Holocene 

Clay covaries with fine and coarse silts over the Holocene, whereas 
fine and coarse sands present opposite trends. Intense rainfalls favor 
transport of large particles, like coarse and fine sands (Kinnel, 1976; 
Fernández-Raga et al., 2017), whereas the total sediment yield (MM) 
depends on the rain duration (Sun et al., 2021). Based on these allom
etry, the early Holocene from about 10,500 cal BP would be marked by a 
high rain intensity that transported abundantly coarse and fine sands 

(Fig. 4). The intense rainfalls decreased throughout the Holocene, but 
more rapidly from 3200 cal BP for very intense rainfalls according to 
coarse sands (Fig. S4). This observation indicates that the early Holo
cene experienced more intense rains than the late-Holocene, and that 
the change took place progressively after 10,500 cal BP. The sole 
exception corresponds to the 8.2 kyr event that is an anomaly in the 
multimillennial trends. Paleo-floods study from the Alps in diverse 
environmental conditions indicates that heavy spring and winter 
flooding result from precipitation events and the rapid melting of snow 
(Kämpf et al., 2014), a phenomenon that could also have happened at 
our study site. 

The period of lowest rain intensity began at 3200 cal BP since fine 
and coarse silts, and lasted until 200 cal BP (late 18th century). Inter
estingly, around 5000 and 3200 cal BP, the sedimentological sequence 
was extremely steady for all grain-sizes, contrasting with the hypothe
size of a dry event that would have occurred around 4200 cal BP in the 
Mediterranean basin (Bini et al., 2019). This 4200-event is well reported 
further east both in the Near-East (Bar-Matthews et al., 1997; Arz et al., 
2006; Parker et al., 2006) and further south in the African tropical areas 
(Gasse and Van Campo, 1994; Thompson et al., 2002), but remains 
disputed in the west Mediterranean basin. 

Clay and silts covary with MM (Fig. 5), and present a rising trend 
during the second half of the Holocene (Fig. S4). This suggests that 
intense rains decreased progressively during the Holocene, mainly 
during the last 3000 years. The exception is the past 300 years (200 cal 
BP to present) when more intense rainfalls probably occurred as 
revealed by the dominance sands, chiefly the coarse ones. The increase 
in clay over the late Holocene is a common pattern with other studies in 
the northwestern Mediterranean basin (e.g., Sabatier et al., 2020; 
Goutiers and Carcaillet, 2022), which was inferred to Saharan ‘red’ rains 
based on mineralogical analyses of different fractions of clay combined 
with a geographic model of earth element signatures (Sabatier et al., 
2020). Indeed, Saharan atmospheric inputs were a dominant process in 
Corsica since 3100 years at least, and increased since ca 1070 years 
(Sabatier et al., 2020), with modern potential deposition rate of more 
than 10 tons.km− 2.yr− 1 (Loye-Pilot et al., 1986). Such atmospheric in
puts can have important aftermath on the nutrient budgets of mountain 
ecosystem (Loye-Pilot and Morelli, 1988; Aciego et al., 2016), consid
ering the contribution of P, K, Ca and Mg (Loye-Pilot et al., 1986; Cor
tizas et al., 2019; Goutiers and Carcaillet, 2022). In summary, the clay 
inputs to the sediments would therefore be indirect because they do not 
result from in situ weathering of the bedrock (monzonic granite) but 
from Saharan atmospheric inputs, modulated both by the precipitation 
regime and the frequency of fires. 

4.3. Precipitation trends and the 8.2-kyr event: fine and coarse sands’ 
signature 

The main abrupt anomaly during the Holocene concerns fine sands 
only, that dropped from 8400 to 8200 cal BP, coinciding with the 8.2 kyr 
climatic event, which was a rapid cooling event (2–4 ◦C according to 
Kobashi et al., 2007; 1 ◦C according to Morrill et al., 2013) that occurred 
chiefly in North-Atlantic areas (Morrill et al., 2013; Parker and Harrison, 
2022). The drop in fine sands lasted less than 200 years (Fig. 3). The 
exact date of the drop and its duration depends on the quality of the 
age~depth model. The duration could have been shorter as reported by 
Parker and Harrison (2022). Whatever the accuracy of the duration, this 
drop reveals a change in the precipitation pattern or seasonality. 

The 8.2 kyr event was a drier period on average (less fine sands) with 
high rain intensity or short-lasting runoff, strong enough to mainly sort 
coarse sands that remained high. The system returned to its initial state 
in about 600 years (Fig. 4), i.e., ending at 7600 cal BP. This terminal 
date, 7600 cal BP is closed to recent assessment of 7900 cal BP (Parker 
and Harrison, 2022). Interestingly, Morrill et al. (2013) reported 
different climatic patterns during the 8.2 kyr according to proxies and 
archives used for climatic reconstructions, and selected areas. Indeed, 
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pollen-based reconstruction would characterize an event with drier 
years on average, whilst speleothem-based reconstruction would reveal 
higher spring runoff due to snow melting in mountain areas (Parker and 
Harrison, 2022). Our outputs align perfectly with this described sce
nario, pointing to elevated short-term precipitation or runoff during a 
drier period on average. Furthermore, the elevation of Creno Lake 
(1310 m asl) which peaks over 1500 m asl on a west-facing mountain 
slope (wetter) strongly pleads for this second scenario of high spring 
runoff strengthened by snowy winters during colder and drier years. 

If the 8.2 kyr event would have been drier with spring runoff due to 
snow melting, the comparison with YD (Fig. 4) reveals the difference 
between these two periods. The YD would have also been dry on average 
but without effect of runoff supplying coarse sands. Because YD was a 
well-known cold period, winter snow cover was certain, but probably 
too thin to trigger spring runoff needed to transport coarse sands. 

Interestingly the recovery after 8200 cal BP occurred in a similar 
duration as in the late YD (Fig. 4). This similarity suggests that both 
periods present certain common characteristics: cold and dry. However, 
both periods differed by the patterns of coarse sands that were very low 
during the YD compared to the 8.2 kyr event. Based on grain sizes 
patterns, the YD in Corsica would have been characterized by less pre
cipitation than the 8.2 kyr event, without runoff that lasted between 
12,600 and 11,300 cal BP (Fig. S3). The high influx of coarse sands 
during the beginning of the YD, i.e., between 12,900 and 12,600 cal BP 
(Fig. S3), indicates a runoff period, may be related to winter snow pre
cipitation followed by spring runoff, like during the 8.2 kyr event. 

However, the tree-cover of the YD was lower than that of the 8.2 kyr 
event therefore changing the pattern of particles transportation to the 
lake whatever the precipitation regime. The first tree occurrences 
around the lake – based on Pinus nigra needles – are dated to 13,200 cal 
BP, and tree-cover rose until 12,000 cal BP (Leys et al., 2014). 
Comparatively, at 8300 cal BP, the slopes around the lake were covered 
by a mixed Pinus laricio-Fagus sylvatica cover (Leys et al., 2014), which 
probably protected the fine sand fraction of soil from erosion. 

5. Conclusion 

High fire frequency (short intervals) were associated with erosion of 
clay, silt, and organic and total mineral matter. Conversely, low fire 
frequency (long intervals) correlate well with the transport of sands, 
mainly the coarse fraction. The system appears top-down controlled by 
climate driving both fire regimes, erosion and the sorting of particle size, 
although fires can also drive sediment patterns by its own. The vegeta
tion cover did not affect sediment variations. The 200-yr and over abrupt 
drop in fine sands at the 8.2-kyr event suggests a severe drought, fol
lowed by about 600 years until ecosystem recover in terms of climate, 
fire and tree-cover. Overall, the early Holocene (from 10,700 to 7500 cal 
BP) was very humid, whereas the late Holocene (from 3200 to 200 cal 
BP) was drier. Between 7500 and 3200 cal BP, the precipitation regime 
was intermediate. The past 900 years have been characterised by a 
progressive increasing runoff dragging more sands. 
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Cortizas, A.M., López-Costas, O., Orme, L., Mighall, T., Kylander, M.E., Bindler, R., 
Sala, G., 2019. Holocene atmospheric dust deposition in NW Spain. Holocene 30, 
507–518. 

B. Leys et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.quascirev.2024.108602
https://doi.org/10.1016/j.quascirev.2024.108602
https://doi.org/10.1038/ncomms14800
https://doi.org/10.1038/ncomms14800
https://doi.org/10.1177/0959683613508159
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref3
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref3
https://doi.org/10.1016/j.foreco.2023.121658
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref5
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref5
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref5
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref6
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref6
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref6
https://doi.org/10.5194/cp-15-555-2019
https://doi.org/10.1214/11-BA618
https://doi.org/10.1214/11-BA618
https://doi.org/10.1177/0959683611427333
https://doi.org/10.1371/journal.pone.0065852
https://doi.org/10.1177/0959683607080526
https://doi.org/10.1016/j.foreco.2012.12.048
https://doi.org/10.1016/j.foreco.2012.12.048
https://doi.org/10.1016/j.quascirev.2021.107137
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref13
http://refhub.elsevier.com/S0277-3791(24)00103-3/sref13
http://refhub.elsevier.com/S0277-3791(24)00103-3/optvq87e9TcPk
http://refhub.elsevier.com/S0277-3791(24)00103-3/optvq87e9TcPk
http://refhub.elsevier.com/S0277-3791(24)00103-3/optvq87e9TcPk


Quaternary Science Reviews 331 (2024) 108602

11

Day, P.R., 1965. Particle fractionation and particle-size analysis. In: Black, C.A. (Ed.), 
Methods of Soils Analysis: Part 1 Physical and Mineralogical Properties, Including 
Statistics of Measurements and Sampling, 9.1. American Society of Agronomy, 
Madison, pp. 545–567. https://doi.org/10.2134/agronmonogr9.1.c43. 

Depountis, N., Michalopoulou, M., Kavoura, K., Nikolakopoulos, K., Sabatakakis, N., 
2020. Estimating soil erosion rate changes in areas affected by wildfires. ISPRS Int. J. 
Geo-Inf. 9, 562. https://doi.org/10.3390/ijgi9100562. 

Escofier, B., Pages, J., 1994. Multiple factor analysis (AFMULT package). Comput. Stat. 
Data Anal. 18, 121–140. 

Fernandez-Guisuraga, J.M., Calvo, L., 2023. Fuel build-up promotes an increase in fire 
severity of reburned areas in fire-prone ecosystems of the western Mediterranean. 
Fire Ecol 19, 72. https://doi.org/10.1186/s42408-023-00232-0. 

Fernández-Raga, M., Palencia, C., Keesstra, S., Jordán, A., Fraile, R., Angulo- 
Martínez, M., Cerdà, A., 2017. Splash erosion: a review with unanswered questions. 
Earth Sci. Rev. 171, 463–477. https://doi.org/10.1016/j.earscirev.2017.06.009. 
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