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A B S T R A C T

Paleofire records represent a valuable resource for understanding long-term changes in biomass burning and fire 
activity, as well as their drivers. Furthermore, they offer a way to assess fire models under climatic conditions 
that differ from those prevalent in the contemporary era. However, further calibration studies are needed to 
refine the link between paleofire records and more detailed characteristics of paleofire regimes. In order to 
enhance our understanding of the charcoal proxy, we analysed microscopic charcoal abundance and morphology 
in 277 marine surface sediment samples from the eastern Atlantic Ocean off the Iberian Peninsula and the 
western Mediterranean Sea, and investigated their link with fire regime characteristics, climate and fuel over 
adjacent land in the Western Mediterranean region. Our results show that squared microscopic charcoal particles 
are correlated with forest fires, while elongated microscopic charcoal particles are associated with the com
bustion of open and mixed vegetation, so that tree vs grass burning can be inferred by the relative changes in 
mean microscopic charcoal elongation ratios. Microscopic charcoal concentrations are a function of fuel type, 
climate, fire frequency and burned areas.

1. Introduction

Fire is one of the main causes of environmental disruption on Earth 
(Bowman et al., 2009a). Increases in fire intensity could significantly 
impact carbon stocks ((Bowman et al., 2009), greenhouse gas emissions 
(Barbosa et al., 2025; Zhao et al., 2025), ecological values 
(Arrogante-Funes et al., 2024) and human valuable resources and in
frastructures (Chuvieco et al., 2023).Such changes may also reduce 
ecosystem services (Lecina-Diaz et al., 2021), in particular under higher 
emission scenarios (Sayedi et al., 2024). Within Europe, the Mediter
ranean region is the main hotspot of fire activity (San-Miguel-Ayanz 
et al., 2023), where warmer and drier climate future climate condition 

are projected to substantially increase fire hazard (Moriondo et al., 
2006; Mouillot et al., 2002; Ruffault et al., 2020). The probability of 
extremely large wildfires (>2500 ha) is expected to increase by the end 
of the century driven by increasing temperatures and declining relative 
humidity (Grünig et al., 2023). However, fire projections remain highly 
uncertain, as most predictive models rely on processes or statistical re
lationships inferred from contemporary global remote sensing data 
(Mouillot et al., 2014) or recent historical fire records (Gincheva et al., 
2024; Mouillot and Field, 2005), and have rarely been validated beyond 
this period (Hantson et al., 2016). Statistical (Haas et al., 2022; Batllori 
et al., 2013; Forkel et al., 2019; Forrest et al., 2024; Ruffault et al., 
2020), or more recently AI driven models (McNorton, 2025; Zhang 
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et al., 2023) do not account for potential changes in the interactions 
between climate, vegetation and fires beyond modern observations. 
More process-based fire models can be embedded in vegetation models 
(see Rabin et al. (2017) for a review), but they also lack robustness in 
process identification and long-term benchmarking (Kloster et al., 2010; 
Yue et al., 2015). Using paleofire records to test these models under 
climatic conditions that differ from those of today's, particularly within a 
range comparable to future projections, can provide insights into 
whether models with lower performance under current conditions may 
exhibit greater robustness across time and climate divergence (Van der 
Meersch et al., 2025).

Marine sedimentary records hosting microscopic charcoals residues 
provide long and continuous archives of particulate matter emitted from 
fires under various past climatic conditions (Beaufort et al., 2003; 
Daniau et al., 2007, 2009, 2023). However, converting this sedimentary 
archives into burned biomass or fire regime characteristics such as 
burned area, intensity, frequency, severity or seasonality of fires (Krebs 
et al., 2010) remains subjected to interpretation because it is difficult to 
determine the role of the parameters influencing fire regime charac
teristics, such as climate and vegetation, and to distinguish variable 
actually recorded in charcoal accumulation. Furthermore the transport 
processes (winds, runoff, rivers, ocean currents), as well as depositional 
processes introduce additional uncertainty in the marine sedimentary 
record of microscopic charcoal, making their interpretation particularly 
challenging. In this respect, improving confidence in marine sedimen
tary charcoal as a robust reliable proxy for past fire regimes requires, 
further investigations of the relationships between microscopic charcoal 
in modern marine sediments, fire regimes and exposed vegetation. 
Microscopic charcoal in modern sediments off the coasts of Iberia and 
Africa have proven to be a reliable indicator of fire regimes and of the 
type of burned vegetation in adjacent watersheds (Genet et al., 2021; 
Haliuc et al.,2023). These two studies revealed relative changes in the 
mean length-to-width ratio determined the type of burned fuel. Among 
the different characteristics of fire regimes, fire intensity and size ap
pears to be the most important drivers of charcoal morphotypes and 
abundance. In addition, charcoal abundance is potentially influenced by 
climatic gradients (Genet et al., 2021). Off Iberia, rare and large summer 
fires of high intensity spreading into open (shrub) vegetation under a hot 
and dry climate were detected in ocean sediments by a large amount of 
elongated particles, whereas low amount of squared-particle charac
terized small and low intensity fires spreading under a cool and wet 
climate (Genet et al., 2021). Off Africa, high amounts of elongated 
charcoal track intense and large fires spreading into open 
grassland-savanna vegetation, while low amounts of squared charcoal 
indicate small fires of low intensity, spreading in tree-dominated eco
systems (Haliuc et al., 2023).

Here, we question the spatial stability of these findings and regional 
comparability of the interpretation of marine sedimentary charcoal with 
regard to the following constraints: i) different fuel types produce 
different amount of charcoal and morphology (Umbanhowar. and 
Mcgrath, 1998), ii) different fire regime characteristics are inferred 
from paleofire records, iii) land use and socio-economic aspects affect 
fire regimes and charcoal particle emissions.

The western Mediterranean basin offers a relevant study case 
covering the eastern Atlantic Ocean to the western Mediterranean sea 
with i) contrasted temperate and Mediterranean climates, along with ii) 
fire occurrences driven by drought events (Turco et al., 2018) and heat 
waves (Ruffault et al., 2020) or strong storm activity (Pugnet et al., 
2010), iii) distinct vegetation types ranging from Atlantic and Medi
terranean forests to maquis and garrigue and iii) contrasted 
socio-economic land use (Chergui et al., 2018). To reach this goal, we 
build on the work of Genet et al. (2021) off the Iberian Peninsula and 
leverage new sediment samples collected off southeastern France, 
western Italy, North Africa, and the island of Mallorca to assess the 
abundance and morphology of microscopic charcoal. These data are 
then, compared with present-day fire regime characteristics, burned 

vegetation types, and climate conditions. This approach allows for the 
consideration of a greater diversity of fire regimes, vegetation types, and 
climatic variations, as it integrates data from different geographic re
gions and varied ecological contexts.

2. Present-day climate, vegetation, fire and socio-economic 
changes

Mediterranean ecosystems are mostly composed of forests and open 
woodlands (dominated by pines and evergreen oaks), or dense shrub
lands (dominated by woody species), and open scrublands (dominated 
by shrubs and grasses) (Pausas, 1999), growing under a summer-dry 
climate and leading to recurrent fires. At the interface between 
temperate and arid climates, the western Mediterranean basin then 
hosts more wetter sub-humid conditions at its northern bound and 
semi-arid conditions at its southern bound. This climate gradient in
fluences seasonal variations in vegetation moisture content and in turn 
flammability (i.e the ease with which a material ignites), as well as fuel 
structure (quantity and connectivity) (Pausas et al., 2017; Pausas and 
Paula, 2012a).

Based on the varying constraint hypothesis on fire activity 
(Krawchuk and Moritz, 2011), which ranges from fuel limitation in drier 
areas to drought limitation in wetter areas where fuel is not limiting fire 
spread, Loepfe et al. (2014) identified these two climatic thresholds as 
key controls on fire size across Europe. A low quantity and connectivity 
of vegetation can decrease the burned area despite frequent flammable 
conditions in dry regions (Pausas and Paula, 2012a). Additionally, 
recurrent fires can gradually reduce the amount of available fuel, 
thereby diminishing vegetation combustibility (the speed and intensity 
with which a material burns) (Ganteaume et al., 2009). Fires in Medi
terranean shrub formations (woody species, shrubs, and grasses), which 
are often highly flammable (Pausas et al., 2017), tend to be more intense 
and slower than fires in grasslands (grasses) (Dimitrakopoulos, 2002a). 
The vertical and horizontal continuity of fuels (Keeley et al., 2011a), 
along with the presence of many small flammable understory vegeta
tion, allows fires to spread to the canopy, thus creating crown fires 
(Alvarez et al., 2012).

Recent fire activity in Mediterranean Europe is associated with land- 
use changes and ultimately socioeconomic changes (Chergui et al., 
2018). Europe experienced a fire increase in the 1970-1980's to 2000's 
due to rural depopulation and land abandonment augmenting the 
occurrence of large fires (Pausas, 2004) and a recent decrease due to 
increased firefighting expenditures (Ruffault and Mouillot, 2015). Cur
rent fire regime in North Africa with small fires is more similar to the 
European fire regime before the land abandonment period of the 
1970's/1980's (Chergui et al., 2018) and has a more stable fire regime 
over the last decades (Belhadj-Khedher et al., 2018; Kouachi et al., 2024; 
Madoui, 2002). The western Mediterranean basin is thus marked by a 
socio-economic gradient between North Africa and Europe, reflected in 
contrasting forest uses by rural populations firefighting facilities.Fuchs 
et al. (2013) reconstructed major land-cover classes for 1950–2010 
and documented substantial changes at the pixel scale. However, the 
regional-scale distribution of open vegetation and forests remained 
relatively stable throughout this period. Although detailed re
constructions are not available for earlier periods in the study area, 
comparisons with vegetation patterns at 1 ky BP reported by Zanon et al. 
(2018) indicate that the broad spatial distribution of open vegetation 
and forests has remained largely unchanged. Together, these findings 
suggest that land-use changes mainly affect local conditions, while 
having limited influence on the large-scale vegetation structure 
considered here.

Our characterisation of recent fire regimes relies on MODIS-derived 
fire event data from the FRY database (Laurent et al., 2018), which cover 
only the last two decades and may therefore miss longer-term fire-
regime shifts that could be captured by charcoal records. Nevertheless 
(Loepfe et al., 2014), showed thatfire regimes across Europe and North 
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Africa during the period 2001-2010 were primarily controlled by cli
matic humidity thresholds, while vegetation exerted a secondary role 
through fuel availability. This highlights that large-scale climatic gra
dients remain the dominant driver of fire–vegetation relationships over 
decadal timescales, despite local effects of land-use change and socio
economic dynamics.

3. Material and methods

3.1. Marine surface and interface core sediment samples

The sample dataset contains 277 marine surface sediment samples: 
102 of which already analysed for microscopic charcoal from the 
Atlantic margin off the Iberian Peninsula (Genet et al., 2021) and 175 
new ones from the western Mediterranean margins (Fig. 1).

The sediment cores were collected during a total of 35 oceanographic 
cruises (Table S1), conducted between 1981 and 2013, using box, piston 
and multicore coring method. The samples were obtained from two core 
repositories in France, EPOC and IFREMER. Depending on the avail
ability of sediments, the samples were taken from the most superficial 
sections of the sediment cores (Table S1), which allows for analysis of 
fire changes in recent history.

A potential risk associated with the comparison of the different 
datasets (charcoal in ocean compared with fire regime, vegetation and 
climate on land) is that the periods of charcoal records, fire regime 
characteristics, burnt vegetation type and climate data do not overlap. 
According to (Müller et al., 1998), core-top of marine sediments cover a 
few hundred to, at most, a few thousand years corresponding to the late 
Holocene, which might be problematic when comparing with more 
recent observations. We synthesized the ages of the marine surface 
sediment samples using literature data and, when possible, by dating the 
surface sediment samples using 210Pbxs and 137Cs measurements on the 
bulk sediment by low-back, high efficiency gamma spectrometry 
(Table S1). Of the 277 surface sediment samples, 2 are modern (high 
210Pbxs and low 137Cs), 25 are less than 20 years old (moderate 210Pbxs 
and low 137Cs), 20 are less than 60 years old (moderate 210Pbxs and 
higher 137Cs), 14 are between 60 and 100 years old (low 210Pbxs and no 

137Cs), and 36 more than 100 years old (detectable 210Pbxs and no 137Cs) 
(Table S1). Based on the literature, we estimate that 12 samples are from 
the late Holocene and 10 are of undetermined Holocene age (Table S1). 
Dating information available for these 119 samples therefore suggests an 
age of less than a few centuries. Unfortunately, we were unable to find 
any dating information in the literature for the remaining 158 samples, 
and some samples could not be dated because the marine sediment cores 
had been collected during oceanographic cruises conducted in the 
1990s, which is too old for dating using the 210Pb method.

The basis of our comparison of the various datasets is the assumption 
that the relative differences between hydrographic basins in terms of 
climate, vegetation, and fire regimes have remained relatively constant 
over the past century. The methodology employed involved the calcu
lation of the mean of the various environmental data over their 
respective periods of record to facilitate comparison with microscopic 
data. It is anticipated that a fingerprint of these spatial patterns will be 
identified in the microscopic charcoal data. To support the comparison 
of the different datasets, an investigation was conducted into whether 
the spatial variability of the microscopic data fell within the range of the 
variability of microscopic charcoal from the past century. We compared 
microscopic charcoal concentration values from our marine surface 
sediment samples with those from 5 short cores located off the Iberian 
margin (Genet et al., 2021) and 2 short cores collected in the Gulf of 
Lions (this study) GolHo1B and RHS-KS57 during the GolHo and RHO
SOS cruises in 2013 and 2008, respectively (Fig. 1). A multicorer was 
used to collect the interface core “GolHo1B,” while the core “RHS-KS57” 
was collected with a Küllenberg-type piston corer. For the GolHo1B core 
(Fig. S1), 14 samples were taken at intervals of 1 cm, covering the period 
from 1960 to 1998, as dated by 210Pbxs (Sicre et al., 2016), giving a mean 
resolution of 2.7 yr between samples. For the RHS-KS57 core (Fig. S1), 
70 samples were taken at intervals of 0.5 cm. The age model was 
established using 5 chronological points based on a14C date, the 
206Pb/207Pb ratio and the vertical distribution of 137Cs (Fanget et al., 
2014, 2016). This core covers the period from 1986 to 2005, giving a 
mean temporal resolution of 0.14 yr between samples.

Fig. 1. The study area with its ecoregion: Temperate Broadleaf and Mixed Forest biomes (light green colour), Temperate Coniferous Forest biomes (dark green 
colour) and Mediterranean Forest, Woodland and Scrub (orange colour) (Olson et al., 2001). Location of fires larger than 25 ha (orange dots) between 2001 and 2016 
from the FRY database (Laurent et al., 2018). Location of microscopic charcoal marine surface sediment samples (black dots). Location of short cores (red dots): 
RHS-KS57 (1), Gol-Ho1B (2), PE109-97-Station4 (3), Pech7I (4), PE109- 97-Station9 (5), PE109-97-Station8 (6), PE109-97- Station6 (7).
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3.2. Microscopic charcoal abundance and elongation analyses

The marine surface sediment samples were chemically processed to 
obtain microscopic charcoal concentrates following Genet et al. (2021), 
enabling analysis of microscopic charcoal under transmitted and re
flected light microscopy (Daniau et al., 2009). About 0.2 g of dry bulk 
sediment was treated sequentially with 37% hydrochloric acid (HCl) to 
remove carbonates, 37% nitric acid (HNO3) 33% hydrogen peroxide 
(H2O2) to eliminate the organic matter, and.

70% hydrofluoric acid (HF) to eliminate siliceous material. The 
residue was rinsed with HCl to remove colloidal SiO2 and silicofluorides 
formed during the HF digestion and then rinsed with distilled water to 
remove acids. The suspension was diluted (0.1) and filtered through a 
0.45 μm membrane (diameter of 47 mm). A portion of the filter was 
mounted onto a PMMA (Poly Methyl Methacrylate) slide with ethyl 
acetate and hand-polished using a PRESI polisher (The CUBE) for 4 min 
with a 400 Angström alumin solution. Subsequently, the slides were 
scanned with an automated Leica DM6000M microscope at ×500 
magnification, with controlled transmitted light adjustment, to detect 
and measure microscopic charcoal. Only charcoal particles larger than 
10 μm were analysed. The maximum particles size considered was 
125 μm The detection of microscopic charcoal was based on its black 
colour using a threshold value in the tint, saturation, and lightness (TSL) 
colour space. Petrographic criteria in reflected light were used to secure 
the identification of microscopic charcoal in transmitted light. For each 
sample, the concentration of microscopic charcoal was calculated as the 
number of particles per gram dry weight (CCnb in nb.g− 1) and the total 
area of all microscopic charcoal in one sample per gram dry weight 
(CCsurf in mm2.g− 1).

The microcharcoal influx (or charcoal accumulation rate), defined as 
the number of fragments per unit area per unit time, is a common way to 
study biomass burning in lake sediments (Marlon et al., 2015)., 2016). 
However, we prefer to use microcharcoal concentration in marine 
sedimentary sequences because the calculation of microcharcoal influx 
can be hazardous for different reasons. Firstly, the use of coarse 
age-depth models can lead to imprecise estimates of sediment accumu
lation rates. Secondly, an artificially biased microcharcoal influx can 
occur due to sediment stretching during the coring process or high 
sedimentation rate events, such as Ice Rafted Debris (IRD) deposits 
(Daniau et al., 2019). Research undertaken to date has demonstrated a 
correlation between the distribution pattern of charcoal concentrations 
and charcoal influx in North Pacific (Mensing et al., 1999) and in eastern 
Atlantic (Genet et al., 2021) marine sediments. This suggests that 
charcoal distribution patterns in sediments are not subject to any dilu
tion effect, but instead accurately reflect the sedimentary flux of char
coal particles.

The shape of microscopic charcoal was also analysed using the 
elongation, i.e. the particles’ length to width ratios (L/W) to infer the 
type of vegetation burned (UmbanhowarJr and Mcgrath, 1998).

3.3. Definition of preferential microscopic charcoal source areas

Aeolian and fluvial processes are the primary transport pathways for 
charcoal from fire sources to depositional areas (Whitlock and Larsen, 
2001). They can be washed out by rain or transported by rivers 
through processes of rolling and saltation (Nichols et al., 2000). In 
water, charcoal particles float and sink as they become waterlogged, 
with the settling rate depending on their size and porosity (Nichols et al., 
2000). Small particles can sink within a few hours, while larger ones can 
float for several months or even years before becoming waterlogged. 
Microscopic charcoal particles, typically between 10 μm and 100 μm 
long (Patterson et al., 1987), behave like pollen and other fine terrestrial 
materials during their journey and eventual deposition in marine envi
ronments. Near river plumes, the fine sediments in marine deposits are 
largely derived from rivers (Heusser, 1983; Naughton et al., 2007). 
However, in arid areas without water systems, wind becomes the 

primary means of transporting these small particles (Dupont et al., 
2011). The impact of ocean currents on the distribution of pollen in 
marine sediments is low, and we anticipate a similar effect for micro
scopic charcoal in our samples (Dupont and Wyputta, 2003). Once in the 
ocean, these fine particles are incorporated into marine snow and can 
settle on the seabed within days or weeks (Hooghiemstra et al., 2006).

While microscopic charcoal and pollen exhibit similar behaviour 
when transported by rivers, they differ slightly when transported by 
winds due to their unique physical and mechanical properties. Recent 
models, which take into account elements such as the height at which 
particles are injected from convective plumes, wind dynamics, the 
physical properties of the particles and their gravitational deposition, 
suggest that microscopic charcoal - up to 125 μm - can be deposited 
within a radius of several to hundreds of kilometres from the fire origin 
(Vachula and Rehn, 2023). However, the impact of rain or the adsorp
tion of charcoal onto other particles were not considered. To shed light 
on the origins of microscopic charcoal found in marine sediments, 
Haliuc et al. (2023) simulated how microscopic charcoal is transported 
by air and deposited by both dry and wet removal methods. They 
demonstrated that most microscopic charcoal is deposited within a few 
hundred kilometres of the fire origin. We anticipate therefore that the 
majority of charcoal produced within a given hydrographic basin is 
deposited within the same basin. This microscopic charcoal is then 
transported to the ocean via the fluvial system.

Although transport processes can lead to fragmentation and abrasion 
of charcoal particles, experimental studies show that certain morpho
logical parameters, such as elongation, retain a significant structural 
control and remain partly diagnostic of the original plant material 
(UmbanhowarJr and Mcgrath, 1998; Crawford and Belcher, 2014; 
UmbanhowarJr and Mcgrath, 1998). While transport tends to reduce 
particle size and alter perimeter characteristics, shape metrics such as 
aspect ratio appear less sensitive to degradation and continue to reflect 
anatomical properties and fuel type, albeit with increased variability. 
Morphometric analyses of charcoal particles observed in marine settings 
offshore the Iberian Peninsula (Genet et al., 2021) and offshore South 
Africa (Haliuc et al., 2023) show that elongation values (length/width 
ratio) are generally lower than those obtained in experimental studies 
(UmbanhowarJr and Mcgrath, 1998; Crawford and Belcher, 2014; 
UmbanhowarJr and Mcgrath, 1998). However, despite this reduction in 
absolute values due to transport and fragmentation processes, particle 
elongation remains consistent with the type of vegetation burned in 
adjacent drainage basins (Genet et al., 2021; Haliuc et al., 2023), indi
cating that this morphometric parameter used to infer burned vegetation 
type is robust. Also, the study of microcharcoal distribution on iberian 
margin show that the distribution of microcharcoal particles in the 
ocean floor is independent of their shape, suggesting an homogeneous 
oceanic transport and deposition (Genet et al., 2021)

In addition, the distribution of pollen in oceanic surface sediments 
closely mirrors vegetation patterns on nearby land (Dupont and 
Wyputta, 2003; Genet et al., 2021; Heusser and Balsam, 1977; 
Hooghiemstra et al., 2006; Morales-Molino et al., 2020; Mudie, 1982). 
Due to the similar specific gravity of water-saturated microscopic 
charcoal particles and pollen grains, we assume that microscopic char
coal preserved in marine surface sediments originates from the nearby 
watershed, thus representing the fire regime at a regional scale (Genet 
et al., 2021). Consequently, twelve microscopic charcoal deposition 
zones were defined, along with their respective regional source areas for 
sedimentary microscopic charcoal, based on the distance from the 
mouth of the nearest watershed and the marine geomorphology (Fig. 2).

3.4. Climate, fire and burned vegetation data

The global climate database CRU (Climatic Research Unit, CRU CL v. 
2.0, grid with a spatial resolution of 10 min, period 1961-1990) from 
New et al. (2002) was used to obtain monthly temperature and precip
itation data for the years 1961-1990. The global fire event database FRY 
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2001-2016 (Laurent et al., 2018, 2019) using the MODIS MCD64A1 
pixel-level 500m resolution (Giglio et al., 2018), with a cutoff value of 
12 days for the region (Moreno et al., 2021), and MCD14ML active fire 
detection for Fire Radiative Power (FRP) as a proxy for fire intensity 
(Giglio et al., 2016) was used to obtain fire patch characterization (size, 
shape, intensity, duration and burned vegetation). To ensure consistency 
in the analysis, we used a uniform grid of 20 × 20 km cells (Fig. S1), 
enabling the harmonization of comparisons despite differences in 
database resolution and facilitating the integration of diverse data while 
maintaining geographical consistency across all terrestrial production 
zones. Data extraction and map visualization were performed using 
QGIS software (version 3.22.11; QGIS Development Team, 2022). Thus, 
the number of fires (FN), the burned area (BA, in ha), and the fire in
tensity (median Fire Radiative Power) (FRP, in W.m-2) were extracted 
for each grid pixel. We also calculated the mean fire size in pixels. The 
FRP index measures the energy emitted by radiative processes released 
during combustion and can be associated with fire intensity throughout 
the burning process (Laurent et al., 2018). Climate data (temperature 
and precipitation) were extracted only from each grid pixel containing 
fires to provide location-specific climate information. The dominant 
burned land cover type were extracted from the global fire database FRY 
(2001-2019) (Laurent et al., 2018). Burned land cover type were then 
aggregated into 6 sub-classes standardized categories: Cropland, 
Grassland (Herbaceous vegetation), Mosaic vegetation, Shrublands, 
Tree-dominated vegetation, Sparse vegetation, and No vegetation 
(Table S2) based on the Climate Change Initiative (CCI) Land Cover (LC) 
classification scheme. According to Harper et al. (2023) based on Poulter 
et al. (2015), mosaic vegetation is composed of grasses (>50%), trees 
(<25%), and shrubs (25%) and will be considered as open vegetation in 
this study (Table S2). In this study, 2 burned vegetation classes are 
defined; tree and shrub vegetation refers to area dominated by woody 
plants (sub-classes tree, shrub) while open and mosaic vegetation refers 
to area dominated by non-woody plant (sub-classes Cropland, Grassland 
and Mosaic vegetation).

3.5. Data analysis

Several statistical analyses were performed and visualized using 
RStudio Version 1.3.109383 (“ RStudio,” 2025). The tidyverse package 

(tidyverse, dplyr, tidyr) (Wickham et al., 2019) was used to transform 
and manipulate the data. Heatmaps were generated using the pheatmap 
package (Kolde, 2025) for visualizations with automatic clustering, and 
the ggplot2 package (Wickham et al., 2019) for more flexible represen
tations. Clustering was performed using the FactoMineR package (Lê 
et al., 2008) for the elbow method, and Factoextra (Kassambara and 
Mundt, 2020) to visualize the results. Finally, bar charts and boxplots 
were created using the ggplot2 package and specifically geom_boxplot() 
to compare distributions, medians, quartiles, and outliers between 
groups.

A k-means clustering analysis was conducted on: (1) the microscopic 
charcoal data, i.e median values of concentration and elongation for 
each marine area; (2) the fire parameters, i.e. total number of fires (FN), 
total burned area (BA), mean fire size (Fs), median radiative power of 
fires (FRP) in each land zone; (3) climate parameters data, i.e median 
temperature (T) and median precipitation (P). The Elbow method and 
the silhouette index were used to determine the optimal number of 
clusters. The Elbow method identifies this number by finding the point 
where the decrease in the sum of squared errors (SSE) within clusters 
forms an elbow, indicating that adding more clusters only marginally 
improves the SSE. The Silhouette Index, on the other hand, evaluates 
clustering quality by measuring both the internal coherence of the 
clusters and their separation from other, with the highest point on the 
graph indicating the optimal number of clusters. We chose to use both 
methods because the Elbow method focuses on minimizing clustering 
errors, while the silhouette index assesses cluster quality. Together, 
these two analyses help to confirm the choice of the number of clusters 
to consider.

Boxplots were created to assess the distribution patterns of micro
scopic charcoal, climate and vegetation data from different areas. 
Kruskal-Wallis and t-tests were used to explore the differences and 
similarities in the median and mean values of microscopic charcoal 
concentration, microscopic charcoal elongation, temperature and pre
cipitation, among the groups obtained from the clustering analysis. A 
heatmap was created to visualize areas with similar fire regimes (total 
number of fires (FN), total burned area (BA), mean fire size (Fs), median 
radiative power of fires (FRP) in each land zone.

Fig. 2. Marine surface sediment samples (coloured dots) in which microscopic charcoal particles were analysed and their associated land production areas (col
oured). The dominant rivers are shown by the black lines.
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4. Results

4.1. Spatial distribution of microscopic charcoal concentration and 
elongation in marine surface sediments

The CCnb and CCsurf showed a significant and positive correlation 
(Fig. S3, r = 0.87, p < 0.001) allowing CCnb to be used to represent 
regional variability of microscopic charcoal abundance without biases 
related to fragmentation during production, transport, or laboratory 
procedures. Of the 277 samples, 12 samples did not contain microscopic 
charcoal particles, and these samples were removed from the analysis of 
the elongation ratio.

The CCnb (Fig. 3a) over the whole study area ranged from 0 nb g− 1 to 
1.42x106 nb g− 1. This range of CCnb in the marine surface sediment 
samples is within the range of CCnb values recorded by the short cores 
covering part of the past 130 years (Fig. S4). From this result, we then 
considered that the mean environmental conditions on land and in the 
ocean that resulted in the observed CCnb over the past centuries did not 
significantly deviate from those recorded during the last decades. This 
finding lends support to our subsequent comparison of microscopic 
charcoal from marine surface sediment samples with recent observa
tions of climate and vegetation.

When going further in identifying similar microscopic charcoal 
abundance across watersheds in the study area, the k-means clustering 
analysis (Fig. 3b) based on the median CCnb values per ocean area 
(Fig. 3a) (Fig. S5a and b), identified three different groups (Fig. 3b). The 
first group (Gc1) includes Z1, Z2, Z5 and Z12 (median = 5.27x104 nb.g- 
1, mean = 8.64 x104 nb.g-1) mostly located off the Iberian Peninsula. 
The second group (Gc2) includes Z3, Z7, Z8 and Z9 (median = 1.88 
x105nb.g-1, mean = 2.65 x105 nb.g-1) mostly located off France and 
Italy, and the third group (Gc3) includes oceanic areas Z4, Z6, Z10 and 
Z11 (median = 1.97x105 nb.g-1, mean = 2.89 x105 nb.g-1) mostly 
located off north Africa and Central Iberia (Fig. 3c). The mean CCnb 
value of Gc1 is significantly different from those of Gc2 (t-test: 

t = 6.8192, df = 190.44, p-value = 1.179 x10− 10) and of Gc3 (t-test: 
t = 6.3308, df = 91.511, p-value = 8.917x10− 9). However, the mean 
CCnb of Gc2 is not significantly different from that of Gc3 (t-test: 
t = 0.71408, df = 126.32, p-value = 0.4765), so that Iberia (except the 
watersheds Z3 and Z4) discriminates from other areas.

When analysing further, the mean microscopic charcoal elongation 
values per ocean area (Fig. 3a–e) ranged from 1.32 to 4.10 
(mean = 2,78). The median values per ocean area range from 1.51 to 
2.01 (Fig. 3g). A k-means clustering analysis (Fig. 4b) based on the 
median microscopic charcoal elongation values per ocean area (Fig. S5c 
and d) reveals 2 different groups (t-test = 6.81, df = 190.44, p- 
value = 1.17 x10− 10). Mean microscopic charcoal elongation is signifi
cantly higher in the western part than in the eastern part (p-value 
<0.001, Fig. 3g). The first group of elongation (Ge1) includes ocean 
areas Z7, Z8, Z9, Z10, Z11 and Z12 (mean elongation ratio value of 
1.84 ± 0.2), while the second group (Ge2) includes ocean areas Z1, Z2, 
Z3, Z4, Z5 and Z6 (mean elongation ratio value of 1.97 ± 0.2) (Fig. 3g). 
The value of 1.8 corresponding to the third quartile value (Q3) for Ge1 
(1.84), and to the first quartile (Q1) value for Ge2 (1.83) separates the 
two groups. Microscopic charcoal elongation values below 1.8 are 
observed in the eastern part while values above 1.8 are observed in the 
western part (Fig. 3h).

Although differences among clusters were statistically significant, 
the low explained variance (R2 ≈ 0.10 for concentration and R2 ≈ 0.06 
for elongation) indicates that cluster membership accounts for only a 
small proportion of the variability in these metrics. This substantial 
overlap among clusters suggests that the identified groups represent 
general structural tendencies rather than well-separated classes. Despite 
this overlap, the results highlight four contrasted regions, with the 
Iberian Peninsula experiencing elongated charcoal particles, as opposed 
to France/Italy and North Africa with squared particles. Within the 
Iberian cluster, Northern and southern Iberian Peninsula experiencing 
low charcoal concentrations differentiated from central Iberia experi
encing intermediate or high concentration. Within the eastern cluster 

Fig. 3. Microscopic charcoal concentration and elongation values in marine surface sediment samples in each ocean area. (a) Distribution of concentration values 
across ocean areas. (b) Hierarchical clustering of median concentrations identifying three groups (Gc1 (low), Gc2 (intermediate), Gc3 (high)). (c) Concentration 
distributions within each cluster. (d) Spatial distribution of median concentrations. (e) Distribution of elongation values across ocean areas. (f) Hierarchical clustering 
of median elongation identifying two groups (Ge1 (low),Ge2 (high)). (g) Elongation distributions within each group. The red dashed line corresponds to IQ3 value of 
Ge1 boxplot and, IQ1 value of Ge2 boxplot (value at 1.80). (h) Spatial distribution of median elongation. Colors indicate cluster membership as shown in panels (d) 
and (h).
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with squared particles, North Africa experiencing high concentration, 
differentiated from France and Italy experiencing intermediate 
concentration.

4.2. Comparison between microscopic charcoals and climate

The northern (north of 40◦N) and southern parts (south of 40◦N) of 
the study area have significantly different climates (Fig. 4c and d; 
Fig. S6) (temperature: p-value <1.01 x10− 86; precipitation: p-value 
<7.9 x10− 46). The northern part has a cool and wet climate, with a mean 
annual temperature of 11.8 ± 0.1 ◦C (Fig. 4c) and a mean annual pre
cipitation of 779.1 ± 17.89 mm (Fig. 4d). The southern part has a 
warmer and drier climate, with mean annual temperature of 
15.8 ± 0.1 ◦C (Fig. 4c) and a mean annual precipitation of 455 ± 7.1 mm 
(Fig. 4d).

Across this climate gradient, the trend shows that microscopic 
charcoal concentrations are higher in the southern region (below 40◦N) 
(Z4, Z6, Z10, Z11) than in the northern region, except for Z5 and Z12 
(Fig. 4a–e). Higher microscopic charcoal concentrations appear to be 
associated with warmer and drier climates. In contrast, lower micro
scopic charcoal concentrations (Z1, Z2, Z3, Z7, Z8 and Z9) are observed 
in regions with cooler and wetter climates (Fig. 4). Elongated or squared 
particles are present regardless of the climates. A low elongation of 
microscopic charcoal (Ge1) (yellow dots in Fig. 4b–f) is associated with a 
cool and wet climate in Z7, Z8 and Z9 and with a warm and dry climate 
in Z10, Z11 and Z12. A high elongation of microscopic charcoal (Ge2) 
(brown dots in Fig. 4b–f) is associated with a cool and wet climate in Z1, 
Z2 and Z3 and with a warm and dry climate in Z4, Z5 and Z6. This result 
highlights the non-straightforward relationship between microscopic 
charcoal elongation and climate across the region, thus requiring a 
deeper understanding of additional charcoal particles drivers.

4.3. Assessment of microscopic charcoals relationship with fire regimes 
(frequency, burned area, fire radiative power, fire size)

In order to assess how marine charcoal information could be related 
to inland complex fire regimes not fully related to the climate gradient, 

we analysed fire regime characteristics (total burned area, fire number, 
size, intensity) which revealed significant differences across areas. 
Considering the results of the elbow method and silhouette score anal
ysis, we chose to consider 2 and 4 groups. This approach allows us to 
combine an overview (2 groups) with a more detailed exploration (4 
groups), further ensuring a rich and coherent interpretation consistent 
with the charcoal analysis (Section 3.1), climatic observations (Section 
3.3) and burned vegetation (Section 3.4). Two groups of fire regimes can 
be distinguished based on the number of fires and burned areas. The first 
group (GA) characterized by frequent fires and a high total burned area 
(Fig. 5a, red dendrogram), is mostly located in Iberia and North Africa 
(zones Z2, Z4, Z1, Z10, Z5 and Z11). The second group (GB) charac
terized by rare fires and a low total burned area (Fig. 5a, blue dendro
gram) is mostly located in France and Italy (zones Z8, Z6, Z7, Z9, Z3 and 
Z12). However, the parameters related to average fire size and intensity 
vary greatly within these two groups and necessitate finer-scale analysis 
into four subgroups (GA1, GA2, GB1, GB2). Within GA, characterized by 
frequent fires and a high total burned area, GA1 (light pink) observed in 
zones Z2 and Z4 stands out for its large and intense fires (orange). GA2 
(dark pink), on the other hand, is observed in zones Z5, Z11, Z1 and Z10 
and stands out for its low intensity fires (yellow), associated with small 
(Z1, Z10) or large (Z5, Z11) fire sizes. For group GB, characterized by 
rare fires and a low total burned area, GB1 (light green) mostly observed 
in France (Z6 and Z7) stands out for its small and intense fires except for 
Z8 (low fire intensity). GB2 (dark green) is mostly observed in Italy, 
Corsica and Balearic Islands (zones Z3, Z9 and Z12) and stands out for its 
large and intense fires.

Our fire data analysis confirms that the fire regime in the western 
Mediterranean basin follows a north-south climatic gradient with rare, 
small and more intense fires in the northeastern regions (GB: France, 
Italy), compared to more frequent, larger and less intense fires in the 
south (GA: Algeria, Spain, and Portugal). However, northern Iberia (Z1 
and Z2) experiences more frequent and larger fires (GA) yet charac
terised by cool and wet climate (Fig. 4). Z6 and 12, although being in the 
warm and dry climate region, present rare and small fires (GB).

Low (Gc1, yellow dots in Fig. 4b) and intermediate (Gc2 orange dots 
in Fig. 4b) charcoal concentrations are observed on the island of Majorca 

Fig. 4. Relationships between microscopic charcoal characteristics and climate. (a) Boxplot of microscopic charcoal concentration showing the spatial distribution 
(north–south gradient). (b) Boxplot of microscopic charcoal elongation showing the spatial distribution (north–south gradient). (c) Boxplot illustrating the tem
perature distribution in the northern region. (d) Boxplot illustrating the precipitation distribution in the southern region. (e) Map of median microscopic charcoal 
concentration by ocean area and source regions. (f) Map of median microscopic charcoal elongation by ocean area and source regions. Colors indicate concentration 
(Gc1 (low), Gc2 (intermediate), Gc3 (high)) and elongation (Ge1 (low), Ge2 (high)). Land colors represent climate zones (blue: cool and wet; red: warm and dry).
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(Z12), in France and Italy (Z7, Z8 and Z9), and in central Iberia (Z3), 
associated with a GB-type fire regime (rare fires with a low burned area). 
These patterns likely reflect conditions of limited fire activity and/or 
reduced biomass availability, leading to lower charcoal production. 
Higher charcoal concentrations (Gc3, brown dots in Fig. 4b) are recor
ded in North Africa (Z10 and Z11) and in the Tagus Basin (Z4), associ
ated with a GA fire regime (frequent fires and a high total burned area). 
This association is consistent with high fire activity, leading to increased 
charcoal production. Low charcoal concentrations (Gc1, yellow dots in 
Fig. 4b) are also observed in the north and southwest of the Iberian 
Peninsula (Z1, Z2 and Z5), despite being associated with a GA-type fire 
regime (frequent fires and a high total burned area). This discrepancy 
suggests that charcoal concentration is not solely controlled by fire ac
tivity, but is also influenced by additional factors such as vegetation 
type, fuel characteristics, or climatic conditions. High charcoal con
centrations (Gc3, brown dots in Fig. 4b) are also observed in the south of 
the Iberian Peninsula (Z6), associated with a GB fire regime (rare fires 
and a low total burned area) which suggests that vegetation type, or 
climatic conditions leading to changes in fuel moisture status, could 
alter charcoal abundance.

When looking at the correspondence between fire regimes and 
charcoal concentration, we could not find any relationship between 
charcoal concentrations and fire regimes (GA and GB). Higher charcoal 
concentrations values (Gc3) found in North Africa (Z10 and Z11) and 
Tajo basin (Z4) actually correspond to more burned area and fire 
number (GA fire regime), yet low charcoal concentrations values (Gc1) 
observed in Z1, Z2 and Z5 correspond to the same fire regime, thus 
limiting the interpretation of charcoal concentrations as a surrogate for 
burned area or fire frequency.

The GB fire regime with rare events and lower burned area mostly 
correlates with intermediate Gc2 charcoal concentration, although other 
charcoal concentrations groups were observed for small watersheds as 
Z12, Z6 and Z3. This indicated that charcoal concentration alone cannot 
be interpreted as a direct proxy for burned area or fire frequency.

Squared microcharcoal particles (Ge1, yellow dots in Fig. 4c) and 
elongated particles (Ge2, brown dots in Fig. 4c) are also associated with 
both fire groups GA (pink in Fig. 4a) and GB (green in Fig. 4a). For 
example, GA is actually associated to either high concentration of 
squared charcoal particles (Z10, Z11 in North Africa), or low concen
trations of elongated particules (Z1, Z2, Z5 in Iberia). This variability 
suggests that particle morphology reflects additional controls beyond 
fire regime alone, such as fuel type or transport processes. However, 
within similar particle shape conditions, a pattern emerged when 
considering charcoal elongation in addition to concentrations: GA and 
GB fire regimes are well discriminated among similar squared particles 
charcoal signal, so that north Africa (Z10 and Z11) experiencing higher 
concentrations belong to high burned area and frequent fires, while 
France and Italy (Z7 Z8 and Z9) experiencing lower concentrations 
belong to rare fires and low burned area. These results suggest that 
concentrations partially capture fire regimes and is a function of other 
variables. In addition, particle elongation should be considered for 
robust conclusions on fire regimes identification based on charcoal 
particle concentration data.

4.4. Assessment of burned vegetation impact on microscopic charcoal

Based on the previous section capturing the link between charcoal 
concentration and burned area, but only when additionally considering 
charcoal elongation, we tested whether this elongation information was 
related to vegetation burned. Over the recent period when remote 
sensing information is available, the western and eastern parts of our 
region are characterized by different types of burned vegetation (Fig. 6f 
and g). In the western part (Z1, Z2, Z3, Z4, Z5 and Z6), the percentage of 
burned tree and shrub vegetation remains below 35% (below the red 
line, Fig. 6c). In contrast, in the eastern part (Z7, Z8,Z9, Z10 and Z11), 
this percentage exceeds 35% (above the red line, Fig. 6c).

No relationship is observed between charcoal abundance and burned 
tree and shrub vegetation. Low microscopic charcoal concentrations 

Fig. 5. Relationships between fire regime parameters and microscopic charcoal characteristics.(a) Heatmap and clustering of fire regime parameters across land 
areas (FN: number of fires, frequent >530 fires; BA: burned area, high >10 × 104 ha; Fs: fire size, high >700 ha; FRP: fire radiative power, high >75 Watt). 
Dendrogram shows similarities between land areas. Two main clusters (k-means, validated by elbow and silhouette methods) are indicated in blue and red, and four 
subgroups (GA1, GA2, GB1, GB2) are shown by surrounding colors. The color scale indicates increasing values from low (blue) to high (red).(b–c) Maps of median 
microscopic charcoal concentration and elongation, respectively. Colors indicate concentration (Gc1 (low), Gc2 (intermediate), Gc3 (high)) and elongation (Ge1 
(low), Ge2 (high)). Land areas are coloured according to fire regime groups (GA1, GA2, GB1 and GB2).
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(Gc1) (yellow dots in Fig. 6a–f) are observed only in areas where burned 
tree and shrub vegetation exceeds 35% i.e, burned open and mosaic 
vegetation exceeds 75% (Z1, Z2, Z5, and Z12). Intermediate concen
trations (Gc2) (orange dots in Fig. 6a–f) occur both in areas with burned 
tree and shrub vegetation exceeds 35% (Z7, Z8, and Z9) or falls below 
35% (Z3). Likewise, high concentrations (Gc3) (brown dots in Fig. 6a–f) 
are found in areas where burned tree and shrub vegetation exceeds 35% 
(Z10, Z11) as well as where it is below 35% (Z4, Z6). Elongated 
microscopic charcoal particles (Ge2) (brown in Fig. 6d,e,g) are found in 
areas where the percentage of burned tree and shrub vegetation (Fig. 6c) 
does not exceed 35%, (Z1-Z6) while squared microscopic charcoal 
particles (Ge1) (yellow in Fig. 6d, e, g) are present in areas where this 
percentage exceeds 35%, (Z7-Z11) except for Z12 (<35%). This major 
result thus confirms that charcoal particles elongation captures vegeta
tion burned. When combined with charcoal concentrations, paleo
records can then capture gradients of fire regimes within vegetation 
types, that can be inferred from elongation as a keystone information for 
robust interpretation.

5. Discussion

5.1. Morphology of microscopic charcoal captures tree vs grass burning

Experimental combustion studies have shown that charcoal particle 
elongation is strongly related to fuel type. Measurements performed 
from isolated particles produced under controlled combustion of 
different plant types, allows the establishment of distinctive thresholds 
between fuel types. Results show that wood-derived charcoal generally 
exhibits ratios <2, whereas herbaceous-derived charcoal is more elon
gated, with values > 3 and in some cases reaching up to 11.5 (Table 1) 
(Crawford and Belcher, 2014; Feurdean, 2021; Inoue and Usuki, n.d.; 

Pereboom et al., 2020; UmbanhowarJr and Mcgrath, 1998). According 
to Feurdean (2021), squared charcoal particles are produced during 
crown fires that consume trees, while elongated particles result from 
surface fires mainly affecting grasses.

In marine settings, Haliuc et al. (2023) report lower values, with a 
ratio >2.1 ± 0.5 corresponding to savanna or open grassland fires in 
subtropical Africa, whereas a ratio <1.8 ± 0.3 reflects forest fires in 
equatorial and tropical regions (Table 1). These differences may be due 
to the diversity of charcoals present in marine samples, their degrada
tion during transport, or laboratory processing, all of which can reduce 
the elongation ratio of microcharcoal (Crawford and Belcher, 2014; 
Inoue and Usuki, n.d.; UmbanhowarJr and Mcgrath, 1998). Further
more, transport, fragmentation, and post-depositional processes may 
reduce charcoal elongation values in marine environments. As a result, 
thresholds established from experimental combustion studies cannot be 
directly transferred to sedimentary archives and must be calibrated 
within each depositional context. However, as previously observed by 
Genet et al. (2021), the individual elongation values of our most elon
gated microcharcoal particles are very similar to those produced in 
laboratory experiments (Fig. S2).

Nevertheless, several studies indicate that elongation remains a 
robust indicator of burned vegetation type. Although transport processes 
can lead to fragmentation and abrasion of charcoal particles, experi
mental studies show that certain morphological parameters, such as 
elongation, retain a significant structural control and remain partly 
diagnostic of the original plant material (UmbanhowarJr and Mcgrath, 
1998; Crawford and Belcher, 2014; UmbanhowarJr and Mcgrath, 
1998). Consistent with this interpretation, morphometric analyses of 
marine charcoal offshore the Iberian Peninsula (Genet et al., 2021) and 
South Africa (Haliuc et al., 2023) demonstrate that elongation values 
continue to reflect the dominant vegetation of adjacent drainage basins 

Fig. 6. Comparison between microscopic charcoal concentration and elongation, and burned vegetation types. a: Boxplots of microscopic charcoal elongation 
measured in marine sediment samples for each ocean area arranged in ascending order from the top to the bottom. a, b, c, d are classified in the order of increasing 
elongation from top to bottom.b: Boxplots of microscopic charcoal elongation in the eastern and western regions. Red dashed line corresponds to value at 1.80. c: Bar 
plot of burned land cover types in each land area d: Bar plot of burned vegetation classes representing percentages of burned tree and shrub (dark green) and of 
burned open and mosaic vegetation (beige) and no and sparse vegetation (grey) in each land areas. The red line in (d) represents a distinction between the percentage 
of burned vegetation of trees and shrubs and open vegetation at the value of 35%. e: Map representing the median microscopic charcoal elongation for each ocean 
areas (dots) associated with their source areas on land. e: f: Boxplot of microscopic charcoal concentration for each ocean area with low (Gc1) (yellow), intermediate 
(Gc1) (orange) and high (Gc3) (brown) concentration. g:Map representing the median microscopic charcoal concentration for each ocean areas (dots) associated with 
their source areas on land. Colors in land in maps (e and g) correspond to land where the burning of tree and shrub vegetation exceeds 35% (green) or does not.
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despite lower mean elongation values than those observed experimen
tally. Furthermore, Genet et al. (2021) showed that the distribution of 
microcharcoal particles on the Iberian margin is independent of particle 
shape, suggesting that oceanic transport and deposition do not selec
tively sort charcoal according to elongation. Together, these results 
support the use of charcoal elongation as a reliable proxy for inferring 
burned vegetation types in marine sediment records.

The mean elongation ratio observed in our study is below 1.8 in the 
eastern part and above 1.8 in the western part, values lower than those 
reported in laboratory experiments but consistent with observations in 
marine environments (Genet et al., 2021; Haliuc et al., 2023). In the 
eastern part (Z7–Z12, Mediterranean climate), a mean elongation ratio 
<1.8 is associated with the burning of woody vegetation (>35% trees 
and shrubs). This mean elongation ratio of <1.8 ± 0.1 closely matches 
the values reported by Haliuc et al., (2023) (<1.8 ± 0.3) in marine 
surface samples reflecting forest fires off equatorial and tropical Africa. 

We suggest that fuel continuity, sufficient moisture, and flammable 
Mediterranean understory allow fires to reach the canopy (Alvarez et al., 
2012; Keeley et al., 2011b), resulting in the combustion of wood and 
leaves, which explains the presence of squared-shape particles off 
forested-ecosystems (Feurdean, 2021).

In the western part (Z1–Z6, temperate and Mediterranean climates), 
a ratio above 1.8 reflects the burning of relatively open vegetation 
(<35%) and suggests, according to (Feurdean, 2021), surface fires 
producing elongated particles. However, this value differs from the 
higher values (>2.1 ± 0.5) reported by Haliuc et al., (2023) for open 
grassland-savanna fires. Similar thresholds (>2) have, however, been 
identified in lacustrine sedimentary archives for tropical savanna eco
systems (Aleman et al., 2013) and North American grasslands (Leys 
et al., 2015). These results suggest that herbaceous-dominated ecosys
tems can increase the mean elongation ratio in sedimentary archives.

Zone Z12 is an exception to this pattern. We assume that the square- 

Table 1 
Summary of studies measuring charcoal aspect ratios from experimental burning (white row), in marine sediments (light grey 
row) and in lacustrine sediments (dark grey row).
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shaped microcharcoal particles observed at this site originate from fires 
in a “mosaic natural vegetation” (Fig. 6b), where the burned area in
cludes >35% trees and shrubs. This type of vegetation comprises more 
than 50% tree, shrub, and herbaceous cover and less than 50% culti
vated land (Table S2).

Although neither our study nor that of Haliuc et al. (2023) covers all 
vegetated ecosystems, both confirm that relative variations in elonga
tion ratios in marine sediments provide a useful proxy for distinguishing 
microcharcoal sources from crown fires in forests (lower values) versus 
surface fires in herbaceous formations (higher values). In addition, they 
suggest that a mean elongation ratio around 1.8 provides a useful 
empirical reference for distinguishing charcoal assemblages dominated 
by woody fuels from those associated with more open, herbaceous 
vegetation in marine sediment records. However, this value should be 
regarded as context-dependent and may vary according to ecosystem 
characteristics, transport pathways, and analytical procedures, rather 
than a universal threshold.

5.2. Combined information on the morphology and abundance of 
microscopic charcoal capture fire regimes and climate

We showed that fire regimes in the western Mediterranean basin are 
influenced by the climate, which changes from north to south (Pausas 
et al., 2017; Pausas et Paula, 2012). The abundance of charcoal can be 
driven by different characteristics of fire regimes or fuel characteristics, 
which in turn are governed by climate and vegetation (Marlon et al., 
2006). In Europe, recent studies of lacustrine sediments have shown 
that the presence of charcoal can be a reliable indicator of the areas 
affected by fire, as well as the recurrence of such events (Adolf et al., 
2018). Modern marine sediments off Iberia indicate a correlation be
tween charcoal abundance and the size and intensity of fires (Genet 
et al., 2021). The abundance of charcoal in marine sediments reflects 
the extent of burned areas in California (Mensing et al., 1999), another 
region under a Mediterranean climate. Research indicates a correlation 
between charcoal abundance and specific elements of the fire regime. 
However, it is evident that fuel and climate have a significant impact on 
charcoal abundance. A higher abundance of charcoal has been recorded 
in Mediterranean biomes than in temperate and boreal biomes, in 

relation to a dry-wet climatic gradient (Adolf et al., 2018). The same 
pattern was identified in marine sediments off Iberia, with reduced 
accumulation off northern Iberia attributed to small, low-intensity fires 
burning wooded vegetation in a cool and wet climate, as opposed to the 
larger and more intense fires burning open Mediterranean woodland 
under a warm and dry climate observed off southern Iberia (Genet et al., 
2021).

Our results on charcoal concentration suggest that direct relation
ships with fire regime parameters, burnt vegetation types and climate 
conditions are difficult to establish, highlighting the complex and 
multifactorial nature of charcoal production, transport and deposition. 
At the basin scale, no clear relationship could be established between 
charcoal concentration and climate, with only broad-scale patterns 
emerging at the subcontinental scale. Even when using a more detailed 
climatic subdivision (as shown in the box-plot analysis in Fig. S7), 
refining the climatic framework does not provide additional explanatory 
power for concentration patterns. In contrast, a clearer signal emerges 
when considering fire regimes: rare and small fires are associated with 
cool and wet conditions, whereas warm and dry conditions correspond 
to more frequent and larger fires, as well as higher charcoal concen
trations. This indicates that climate–vegetation–fire relationships are 
internally consistent within a given vegetation type. To synthesize the 
main patterns identified in our dataset, we propose the conceptual 
framework shown in Fig. 7. This framework is not intended to represent 
a single causal pathway but rather to summarize the dominant re
lationships observed between charcoal abundance, fire regime charac
teristics, main burned vegetation types, and climate.

Within ecosystems sharing similar burnt vegetation types (open 
vegetation versus forest), as identified by the elongation ratio, 
increasing charcoal abundance is generally associated with a change in 
fire regimes, from rare fire and low burned areas (open vegetation, Z3, 
Z12; forest, Z7, Z8 and Z9) to frequent and large burned areas (open 
vegetation, Z4; forest, Z10 and Z11) (Fig. 7). Z12 (Majorca Island), in 
particular, experiences extremely rare fires (only 5 recorded) and a low 
burned area, which likely restricts microscopic charcoal production. 
These correspondences reinforce the idea that fire frequency and the 
extent of burned areas are important determinants of charcoal inputs 
(Adolf et al., 2018; Mensing et al., 1999). These patterns demonstrate 

Fig. 7. Schematic representation of how climate and type of burned fuel impact the abundance and morphology of microscopic charcoal observed in marine surface 
sediments. Variation in the microscopic charcoal concentration (1 particle = low concentration, 2 particles = intermediate concentration, 3 particles = high con
centration) and in microscopic charcoal morphology (elongated or squared) depending on the latitudinal climatic gradient (left panel), the type of main burned fuel 
with fire frequency and burned area (open in central panel and closed in right panel).
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also a close correlation with climate, as the variations in charcoal 
abundance also follow the climatic gradient from cool and wet to warm 
and dry climates, suggesting climate as another major control of fire 
regimes captured in charcoal abundance (Adolf et al., 2018; Genet et al., 
2021) (Fig. 7). In such conditions, humidity limits flammability, while 
drought enhances flammability (Pausas et al., 2017; Pausas and Paula, 
2012b). The resulting pattern is consistent with the fire–fuel–climate 
relationship (Pausas and Paula, 2012b), suggesting that charcoal pro
duction arises from the coupled interactions among fuel availability, fire 
activity, and flammability, rather than being controlled by any single 
dominant factor.

5.3. Limitations and uncertainties

Despite a substantial and meaningful interpretation of the charcoal 
signal in relation to current fire regimes and their drivers, we 
acknowledge our analysis also reveals discrepancies that nuance this 
relationship. Our approach inherently, faces a temporal mismatch be
tween the two main sources of information. On the one hand, micro
scopic charcoal data from marine sediments provides an averaged signal 
of fire regime variability over periods spanning a few decades to a few 
centuries. On the other hand, the environmental data used to charac
terize climatic conditions, burned vegetation, and fire regimes are 
derived from satellite observations, which capture only the most recent 
phase of fire-regime behaviour, and incorporate a significant human 
influence on fire regimes. We recognize that this mismatch, combined 
with the dynamic nature of land-use change and anthropogenic in
fluences, limits the extent to which spatial patterns can be assumed to be 
stable over the past century. Although both datasets are aggregated at 
the catchment scale, they reflect different aspects of the fire–vegetation 
system and therefore provide complementary rather than directly 
equivalent information. The integration of catchment-scale fire signals is 
nonetheless consistent with the emergence of larger-scale fire regime 
structures, such as the pyroregions described by Galizia et al. (2022).

Fire regimes are strongly constrained by climatic humidity thresh
olds, with vegetation influencing fire activity through fuel availability 
(Loepfe et al., 2014). In this context, sedimentary charcoal records 
provide a proxy for regional fire regimes, whereas MODIS-derived 
vegetation structure captures present-day vegetation patterns that are 
broadly organised along bioclimatic gradients, although locally modi
fied by land use and human activities. Overall, the integration of 
catchment-scale fire signals is consistent with the emergence of 
larger-scale fire regime structures, such as the pyroregions described by 
Galizia et al. (2022).

Recent fire reconstruction since the 1980's from Landsat images over 
the region (Díaz-Delgado et al., 2004; Kouachi et al., 2024) could pro
vide additional insights into the temporal dynamic of fire regimes, yet 
not fully and homogeneously covering the whole region. Long-term 
archival fire records for Algeria, spanning more than 160 years (1860 
to the present), constitute a key source of evidence on past fire regimes 
prior to the advent of Earth-observation satellites (EOS) (Madoui, 2002; 
Meddour-Sahar et al., 2008).

It was not anticipated that the charcoal concentration in Z1 and Z2 
(Northen Iberia) would be so low, given the prevalence of frequent fires 
and large burned areas in northern Iberia. Northern Iberia experiences 
frequent and large fires (GA) yet characterised by a cool and wet climate 
(Fig. 4). The high summer thunderstorm activity in this region (Pugnet 
et al., 2010) is likely responsible for this discrepancy. In addition, 
Eucalyptus forests dominate the region, an introduced species in the late 
19th century for private owners, with a high propensity to generate and 
tolerate fire. This forest grew from 115,000 ha in the 1960's to 389, 
000 ha in the 1990's (Ruiz and Lopez, 2010), so that forest cover and 
burned area derived from the 2002-2019 fire observations might over
estimate forest contribution compared to charcoal data.

The elevated charcoal concentration in Z6 and Z12 was not antici
pated neither, given the low fire frequency and reduced burned areas 

that could be caused by low vegetation amount and connectivity (Pausas 
and Paula, 2012b). An enhanced flammability driven by warmer and 
drier conditions in this region could explain this pattern. In addition, this 
area is dominated by graminoids-mixed vegetation fires (Fig. 6) that 
might contribute to a high abundance of charcoal in marine sediments 
(Genet et al., 2021; Haliuc et al., 2023) (Fig. 7). Low concentrations are 
observed also in Z5 under a warm and dry climate while experiencing 
frequent fires and large burned areas. Genet et al. (2021) suggested that 
the burning of “cropland” can produce small amounts of elongated 
microscopic charcoal. Furthermore, the low intensity of fires, facilitated 
by the presence of fine biomass and rapid moisture loss 
(Dimitrakopoulos, 2002b), may lead to partial combustion, thus limiting 
charcoal production in a region where over 80% of the burned vegeta
tion is open, including more than 25% cropland.

Also, we cover here countries with constrasting socio-economic 
contexts and firefighting facilities, particularly when including 
Algeria, outside of the EU. The latter has considerably increased in
vestment in fire-prevention infrastructure, notably in aerial firefighting 
resources and monitoring systems alongside an updated national forest 
policy, following the deadly 2021 and 2022 fires, which caused 157 
fatalities and unprecedented ecological and socio-economic damage 
(Bank, 2023; Kouachi et al., 2024). We interpreted the North-South 
gradient of charcoal concentration as a robust indicator of the burned 
area gradient observed across France, Italy and Algeria, and as a 
response to increasing drought and temperature when going southward 
(Fig. 7). Algeria with 2.95% of burnable land affected yearly by fires 
(Kouachi et al., 2024), is indeed the most affected country when 
compared to France (0.53%) and Italy (1.4%) as reviewed in Majdalani 
et al. (2022). However, neighbouring Tunisia with a similar Saharan 
influence as Algeria (Belhadj-Khedher et al., 2020), experiences only 
0.19% of its burnable land affected by fire, due to high fire prevention 
and forest safety (Belhadj-Khedher et al., 2020). Despite important 
contextual similarities, forest fire causes across Europe (Ganteaume 
et al., 2013) and Algeria (Meddour-Sahar et al., 2013a) differ. Based 
on a 20-year fire causality analysis (2000-2020), only 25% of causes in 
Algeria are identified with naturally ignited fires being practically ab
sent (Bank, 2023; Meddour-Sahar et al., 2013a). The predominance of 
unknown causes masks a large share of intentional and even 
security-related fires (Meddour-Sahar et al., 2013a; Meddour-Sahar 
et al., 2013b). Conversely, in Mediterranean Europe (2006-2010), 
71% of fire events had an identified cause, with around 5% attributed to 
natural origins (Ganteaume et al., 2013). Furthermore, distinct fire 
policies and rural population challenges (Meddour-Sahar, 2015) 
coupled with periods of political instability and adverse security con
ditions (Arfa et al., 2009; Meddour-Sahar et al., 2013a), further widen 
these differences. In turn, although the relationship between charcoal 
particles and fire regime from remote sensing is meaningful, its link to 
climate might be enhanced by this socio-economic gradient. That should 
be carefully considered when covering countries with contrasting Gross 
Domestic Product (GDP) and Human Development Index (HDI) (Forrest 
et al., 2024), or road density network (Bowring et al., 2024) as key 
drivers used in global fire models.

Fire regimes can vary within watersheds that have been identified as 
sources of charcoal particles from marine cores. For example, the 
extended Rhone river basin in France covers both the Mediterranean 
fire-prone region and the low burning Alpine region (Barbero et al., 
2019), and the Algerian watersheds cover the humid to arid ecosys
tems with contrasted fire drivers (Curt et al., 2020), potentially 
rendering marine charcoal interpretation more complex. However, the 
approach that was adopted examined the relationships between char
coal, fire regimes, climate, and burnt vegetation types, by using infor
mation extracted from each grid pixel containing fires in order to limit 
this bias.
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5.4. Implications for the interpretation of paleofire records

Our study highlighted several indicators that could facilitate the 
interpretation of marine paleofire records (Genet et al., 2025), with 
caution for charcoal abundance. We propose a two-step approach for 
paleo-fire studies, combining particle morphometry analysis with 
charcoal quantification. Firstly, the reconstruction of the type of burned 
vegetation can be inferred from the elongation of charcoal particles. As 
stated in the research by (Feurdean, 2021), this information could also 
help identifying the occurrence of crown fires (square particles) versus 
surface fires (elongated particles). Secondly, pollen studies (e.g., 
Fourcade et al., 2024; Joannin et al., 2012; Lambert et al., 2020; 
Marquer et al., 2014) should be used to infer potential changes in the 
stability of vegetation and fuel types. This information is crucial for 
assessing whether changes in charcoal abundance are influenced by 
changes in vegetation type or a change in the fire regime. We demon
strated that the abundance of charcoal in marine sediments located off 
forested ecosystems is primarily driven by fuel type and flammability. 
The abundance is lower in samples off the Atlantic forests than off the 
closed Mediterranean forests (where more than 35% of trees and shrubs 
have been burnt). When considering only closed Mediterranean forests, 
increasing abundance indicates an increase in fire frequency and burned 
areas, which are associated with more flammable vegetation under 
warmer and drier conditions. The same interpretation can be applied to 
samples off open Mediterranean woodland. However, the abundance 
should not be considered solely as an indicator of fire frequency and 
burned areas, as our study suggests that climate, fuel type, and flam
mability may also affect abundance. This methodology could improve 
the accuracy with which sedimentary charcoal records are interpreted.

We emphasize the need to calibrate the charcoal proxy in other 
ecosystems and over broader spatial scales to confirm its reliability. A 
high charcoal concentration has been previously associated with the 
occurrence of intense fires in the Iberian Peninsula Genet et al. (2021). 
However, upon extending the study area, it was observed that what had 
been designated as “intense fires” at the scale of the Iberian Peninsula 
corresponded to “low-intensity fires” at the scale of the western Medi
terranean region.

6. Conclusion

Microscopic charcoal particles (measuring between 10 and 125 μm 
in length) were analysed in 277 marine surface sediment samples 
collected from the Iberian margin, the Gulf of Cadiz, and the western 
Mediterranean Sea. Microscopic charcoal concentration and 
morphology (elongation) were quantified and compared with fire 
regime characteristics (frequency, size and intensity), derived from 
remote sensing data, as well as climate and vegetation data, to better 
understand their spatial distribution in marine environments and help 
refine the interpretation of marine paleofire records.

The results show that relative changes in the mean length-to-width 
ratio of microscopic charcoal is a robust proxy for separating surface 
fires spreading in grass (elongated particles) versus crown forest fires 
(squared particles). In addition, an elongation ratio threshold of 
<1.8 ± 0.1 seems to be a general indicator of tree combustion in marine 
paleo-fire records. The interpretation of variations in microscopic 
charcoal abundance is more complex. Within the same type of ecosys
tems, increasing abundance of microscopic charcoal indicates an in
crease in fire frequency and burned areas, associated with increasing 
flammability under a warmer and drier climate. However, in open 
vegetation (open mosaic vegetation) variations in abundance might also 
indicate a change in climate or a change in fuel type. This suggests that 
vegetation combustibility and flammability play also a role in control
ling charcoal in marine sediments.
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Temps Long (1876-2007) [WWW Document]. ResearchGate. URL. https://www.res 
earchgate.net/publication/288910102_Les_feux_de_forets_en_Algerie_sur_le_temps_lo 
ng_1876-2007 (accessed 11.20.25). 

Meddour-Sahar, O., Meddour, R., Leone, V., Lovreglio, R., Derridj, A., 2013. Analysis of 
forest fires causes and their motivations in northern Algeria: the Delphi method. 
iFor. Biogeosci. For. 6, 247. https://doi.org/10.3832/ifor0098-006.

Meddour-Sahar, Ouahiba, Lovreglio, R., Meddour, R., Leone, V., Derridj, A., 2013. Fire 
and people in three rural communities in Kabylia (Algeria): results of a survey. Open 
J. For. 3, 30–40. https://doi.org/10.4236/ojf.2013.31006.

Mensing, S.A., Michaelsen, J., Byrne, R., 1999. A 560-Year record of Santa Ana fires 
reconstructed from charcoal deposited in the Santa Barbara Basin, California. Quat. 
Res. 51, 295–305. https://doi.org/10.1006/qres.1999.2035.

Müller, P.J., Kirst, G., Ruhland, G., von Storch, I., Rosell-Melé, A., 1998. Calibration of 
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