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a b s t r a c t

Marine microcharcoal records provide invaluable information to understand changes in biomass burning
and its drivers over multiple glacial and interglacial cycles and to evaluate fire models under warmer
climates than today. However, quantitative reconstructions of burnt area, fire intensity and frequency
from these records need calibration studies of the current fire-microcharcoal relationship. Here, we
present the analysis of microcharcoal concentration and morphology in 102 core-top sediment samples
collected in the Iberian margin and the Gulf of C�adiz. We show that microcharcoal concentrations are
influenced by the water depth or the distance from the river mouth. At regional scale, the mean
microcharcoal concentrations and microcharcoal elongation (length to width ratio) show a marked
latitudinal variation in their distribution, primarily controlled by the type of burnt vegetation in the
adjacent continent. High microcharcoal concentrations in marine sediments represent rare, large and
intense fires in open Mediterranean woodlands. Based on these results, the increasing trend of micro-
charcoal concentrations recorded since 8 ka in the well-known marine sedimentary core MD95-2042 off
the Iberian margin indicates the occurrence of large and infrequent fires of high intensity due to the
progressive degradation of the Mediterranean forest and the expansion of shrublands.

© 2021 Published by Elsevier Ltd.
1. Introduction

Major economic cost is attributed today to wildfire manage-
ment, fire damage losses and human health problems due to fire
enet).
emissions (Bowman et al., 2009; Hall, 2014; Lohman et al., 2007;
Robinne et al., 2018; Sanchez, 2007). Projected future warmer and
drier climate scenarios suggest that these risks and costs are going
to increase substantially in certain regions (Liu et al., 2010; Pechony
and Shindell, 2010; Settele et al., 2015), in particular in the Medi-
terranean region (Mouillot et al., 2002; Ruffault et al., 2020). The
most important changes in fire risk are linked to the lengthening of
the fire season (Moriondo et al., 2006) and to more frequent heat-
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induced fire weather (Ruffault et al., 2020) leading to increased
frequency of extreme fire events. However, potential changes in the
interactions between climate, vegetation and fire are neglected by
these models which are based on modern-day statistical relation-
ships. Fire modules embedded in dynamic vegetation models aim
at coupling these interactions and feedbacks (Hantson et al., 2016).
These process-based models must be tested, not only with modern
observations based on global remote sensing (Mouillot et al., 2014)
or recent fire history (Mouillot et al., 2005), but also with obser-
vations from climate conditions different from today and especially
similar to the range of climate variability projected for the next
centuries (Hantson et al., 2016).

Terrestrial and marine sedimentary charcoal records provide
invaluable information about the past fire regime variability.
Charcoal is a carbonaceous material mostly composed of pure
carbon formed at temperature between 200 and 600 �C (Conedera
et al., 2009) by pyrolysis during the combustion process of vege-
tation. When extracted from sedimentary records, it can be used to
examine past fire regime variability. Charcoal is classified as iner-
tinite, being relatively resistant to chemical and microbial decom-
position (Habib et al., 1994; Hart et al., 1994; Hockaday et al., 2006;
Qu�en�ea et al., 2006; Verardo, 1997), especially if burial occurs in
depositional environments with high sedimentation rates. While
few charcoal terrestrial records (lake, mire, bog) go back to the last
glacial period (Daniau et al., 2010), marine sedimentary archives in
which microscopic charcoal is studied (microcharcoal, ca.
10e200 mm in length; Conedera et al., 2009), provide long and
continuous records of fire variability (e.g. Beaufort et al., 2003;
Daniau et al., 2007; Mensing et al., 1999; Thevenon et al., 2004).

Marine microcharcoal records can be used to validate models
under warmer climates than today. However, they only provide a
record of the relative changes of biomass burning. Currently, the
data-model comparison is limited by the lack of common physical
units between data and model output. Relative changes in biomass
burning are not directly comparable to model-simulated carbon
emissions or burnt areas, or to other components of fire regime
such as fire intensity, frequency, severity, and seasonality (Krebs
et al., 2010). Microcharcoal quantities preserved in marine sedi-
ments must be calibrated against modern fire data in order to
provide robust fire metrics and to benchmark quantitative models
(Hantson et al., 2016; Hawthorne et al., 2018). Fire regime charac-
teristics are related to weather and climate, the likelihood of plant
flammability and human modification (Archibald et al., 2018).
Climate and weather conditions determine the type and amount of
vegetation and its fuel moisture status, i.e. the drought state of the
vegetation, which is why fire occurrence is higher during the
summer months, notably in the Mediterranean basin (Trabaud,
1983).

Previous charcoal calibration studies have been conducted in
lake sediments to reconstruct fire regime in different biomes
(grassland, savanna, temperate forest and Mediterranean forest).
Charcoal with a length >100 mm (Adolf et al., 2018), >150 mm
(Duffin et al., 2008) and between 125 and 250 mm (Leys et al., 2015)
are defined as macrocharcoal by these authors. These studies
showed that macrocharcoal accumulation reflects the area of
vegetation that burned locally (local burnt area) (Duffin et al., 2008;
Leys et al., 2015) or regionally (Adolf et al., 2018), the number of
fires and the fire intensity (Adolf et al., 2018). Studies of micro-
charcoal (between 10 and 500 mm, Adolf et al. (2018); between 10
and 150 mm, Duffin et al. (2008)) showed that microcharcoal
accumulation reflects the number of fires (Adolf et al., 2018), the
intensity (Adolf et al., 2018; Duffin et al., 2008) and the burnt area
(Duffin et al., 2008). Charcoal accumulation in lakes is also
controlled by the vegetation surface cover, its biome type and by
the fuel amount (Adolf et al., 2018; Marlon et al., 2006). The
2

controlling factors of charcoal accumulation in marine sedimentary
records have not yet been investigated.

Here, we present the first study exploring the modern re-
lationships between microcharcoal concentrations in marine sed-
iments and changes in fire regimes on the adjacent landmasses.
Microcharcoal influx (or charcoal accumulation rate), i.e. the
number of fragments per unit area per unit time, is widely used for
biomass burning reconstructions in lake sediments (Marlon et al.,
2016). However, we prefer to use microcharcoal concentration in
marine sedimentary sequences because the calculation of micro-
charcoal influx can be hazardous for different reasons, including: 1)
coarse age-depth models which lead to imprecise estimates of the
sediment accumulation rates, 2) an artificially biasedmicrocharcoal
influx due to sediment stretching during the coring or due to high
sedimentation rate events, such as Ice Rafted Debris (IRD) deposits
(Daniau et al., 2019).

We focused our study on Iberia, one of the most fire-prone re-
gions in Europe (San-miguel-ayanz et al., 2018; Trabaud, 1983). It is
also a key area to explore biome and climate influences on charcoal
concentrations, as thewestern Iberian Peninsula is characterised by
a north-south climatic gradient, from temperate and wet in the
north, with the dominance of the Atlantic forest biome, to hot and
dry in the South, dominated by sclerophyllous evergreen Mediter-
ranean vegetation (Polunin and Walters, 1985). In addition, the
Iberian margin has provided long marine microcharcoal and pollen
records covering the last climatic cycle, over approx. The past
140,000 years, that show higher biomass burning during the
Eemian and the Holocene forested interglacials compared to the
last glacial period (Daniau et al., 2007). Within the last glacial
period, peaks in microcharcoal concentration have been inter-
preted as an increase in fire frequency and intensity resulting from
a change in fuel amount through the development of open Medi-
terranean forest and heathland (Ericaceae) in response to the
Dansgaard-Oeschger (D-O) warming events (Daniau et al., 2007).
However, the interpretation of increases in microcharcoal concen-
tration in terms of fire regime characteristics remains an open
question.

Microcharcoal concentrations and morphologies here were
quantified in marine core-top sediments to document the spatial
distribution of microcharcoal concentrations and the type of burnt
vegetation. It is generally assumed that the core-top sediments
represent late Holocene time spans covering a few hundred to, at
maximum, a few thousand years (Müller et al., 1998). However,
prior studies have successfully used spatial calibration of marine
surface sediment-based proxies to reconstruct different physical
and biological ocean and ice properties, such as glycerol dialkyl
glycerol tetraether (GDGT) lipids for temperature (Kim et al., 2008;
Tierney and Tingley, 2015), dinocyst assemblages for primary pro-
ductivity and sea ice cover extent (De Vernal et al., 2001; Radi and
de Vernal, 2008), foraminifera assemblages (Kucera et al., 2005)
and the Long Chain Diol Index (de Bar et al., 2020) for sea surface
temperature. Microcharcoal concentrations and morphologies
were compared to land and ocean physical-site characteristics, i.e.
watershed size, river discharge, suspended sediment load, water
depth, marine geomorphology and ocean currents, to evaluate the
influence of the collection, transport and deposition of micro-
charcoal from the production source area to the ocean floor (Fig. 1).
The spatial distribution of microcharcoal concentrations was also
compared to present-day environmental parameters on land
(climate and vegetation) and fire regime characteristics (number of
fires, burnt areas, fire radiative power, fire size, fire return interval,
fire frequency), to establish a relationship between microcharcoal
production and fire parameters (Fig. 1). To support our comparison
of the different datasets, we analysed five interface cores covering
the past 100 years to test that mean environmental conditions on



Fig. 1. Variables potentially affecting microcharcoal production on land; the collection, input, transport and deposition of charcoal in the ocean. On land, climate, vegetation, NPP
control fire regimes and the production of microcharcoal. Human activities may also affect fire regimes. Physical site-specific variables on land (watershed size, river discharge,
suspended sediment load) may impact the charcoal collection and input to the ocean. Physical site-specific variables in the ocean (water depth, distance from the river mouth,
marine geomorphology and ocean currents) may impact the transport and deposition of charcoal in the ocean and finally the microcharcoal concentration.
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land and in the ocean over the past century do not radically depart
from conditions recorded by the instrumental period. Finally, we
interpreted the Holocene microcharcoal record from core MD95-
2042 (Daniau et al., 2007) in the light of our calibration results.
2. Environmental setting

2.1. Study area and present-day climate, vegetation and fire

The study area encompasses the western Iberian Peninsula and
its margin (Fig. 2a) which extends from 37�N to 43�N and includes
five major rivers which flow into the Iberian margin (the Minho,
Douro, Mondego, Tagus and Sado) and twomajor rivers which flow
into the Gulf of C�adiz (the Guadiana and the Guadalquivir). Other
smaller watersheds are drained by the Tambre, Ulla, Lima, C�avado,
Ave, Vouga and Mira rivers (Fig. 2b, Table 1). The area is mostly
affected by a Mediterranean climate except for the northwestern
region which is characterised by an Atlantic climate (Fig. 2a). The
region characterised by Atlantic vegetation (Fig. 2a; including here
the subatlantic floristic elements defined by Blanco-Castro et al.,
1997) is dominated by deciduous oak forests (Quercus robur, Q.
pyrenaica and Q. petraea), heath communities (Erica and Calluna)
and Ulex whereas, in the Mediterranean vegetation evergreen
sclerophyllous forests dominate (Alcara Ariza, 1992; Blanco-Castro
et al., 1997).

Specifically, Q. robur and Q. pyrenaica are dominant trees in the
watersheds of the Minho, Tambre and Ulla (V�azquez et al., 2002).
The Douro watershed is dominated by Q. rotundifolia, Q. pyrenaica
and Q. faginea in its eastern part and by Pinus pinaster and eucalypts
in its western part (Crous-Duran et al., 2014). The western part of
the Tagus and the Sado watersheds are colonised by cork forests
(Q. suber) and holm oaks (Q. ilex) (Crous-Duran et al., 2014). The
Tagus is dominated by Q. rotundifolia, Q. pyrenaica, with Phillyrea
3

angustifolia and Pistacia terebinthus in its central part and by
Q. rotundifolia and Q. faginea woodlands associated with Juniperus
communis and Pinus halepensis in its eastern part (V�azquez et al.,
2002). Thermophilous elements such as Pistacia lentiscus and Olea
sylvestris form the forests in the low altitudes and warmest zones.
Deciduous oak forests (Q. pyrenaica and Q. faginea) associated with
Taxus baccata dominate the middle altitudes (700e1000 m above
sea level). Two types of brush communities are produced by the
degradation of this forest, rockrose shrublands (Cistaceae) in zones
with precipitation between 600 and 1000 mm and heathlands
(Ericaceae) in wetter zones (Morales-Molino et al., 2020). The
Guadiana and Guadalquivir watersheds are dominated by
Q. rotundifolia. In the centre of the Guadiana basin, Q. rotundifolia
and Q. pyrenaica forests are present. In addition, agricultural areas
cover almost 50 % of total area of the Iberian Peninsula (Fern�andez-
Nogueira and Corbelle-Rico, 2018) including pasturelands, cereals,
vineyards, and olive crops (Grolier online Atlas 2021).

Although the majority of fires in the Iberian Peninsula are
human-induced, many fire ignitions from the north of Portugal are
triggered by lightning occurring between June and August when
the air and climate conditions favour thunderstorms (Pugnet et al.,
2010; Vazquez and Moreno, 1998). Different fire regimes are
observed in the western Iberian Peninsula with higher fire occur-
rence in the northwestern region than in the southwestern region
(Fig. 2b) (Laurent et al., 2018). A high frequency of small fires occurs
in the deciduous forests of the Atlantic bioclimatic region (V�azquez
et al., 2002) with a double peak of fires during early spring and
summer (Rodrigues et al., 2020). In this region, fires spread in
highly flammable and fuelled forests composed of eucalypts
(Eucalyptus globulus) and several pine species (e.g. Pinus pinaster in
Portugal and Pinus radiata in Spain) (Gonçalves and Sousa, 2017;
Silva et al., 2019). The Mediterranean bioclimatic region dominated
by sclerophyllous oak forests is affected by intermediate fire



Fig. 2. Study area and environmental context of the Iberian Peninsula. a) The Atlantic (green area) and the Mediterranean (yellow area) vegetation according to Blanco-Castro et al.
(1997). The Atlantic vegetation includes here the subatlantic floristic elements defined by Blanco-Castro et al. (1997), rivers (blue lines) and associated hydrographic watersheds
(black lines; 1: Tambre, 2: Ulla, 3: Minho, 4: Douro, 5: Mondego, 6: Tagus, 7: Sado, 8: Mira, 9: Guadiana, 10: Guadalquivir). The Galician margin is located between 44�N and 42�N
and comprises the Galicia Bank (GB). The Portuguese margin extends between 42�N and 37�N and is cut by six canyons (red lines; A: Porto, B: Aveiro, C: Nazar�e, D: Cascais, E:
Setubal, F: Sao-Vicente). The Gulf of C�adiz is located between 37�N and 36�N. Ocean currents: the Mediterranean Outflow Water (MOW; green arrows); the Iberian coastal current
(ICC; black arrow); the Iberian poleward current (IPC, purple arrow). b) Burnt area (in ha) in the Iberian Peninsula from Laurent et al. (2018): dots represent location of fires between
2001 and 2016; the size of dots represents the size of the burnt areas. Black line outlines the north west (1) and south west (2) pyroregions according to Rodrigues et al. (2020). c)
winds at 850 hPa over the Iberian Peninsula from NCEP/NCAR reanalysis between 2001 and 2016 (Kalnay et al., 1996) compared with the topography and the location of fires
(orange dots) (Laurent et al., 2018).

Table 1
River and watershed characteristics of the Iberian Peninsula. (1) Oliveira (2002); (2) Mil-Homens et al. (2014); (3) Couso-P�erez et al. (2018); (4) Jouanneau et al. (1998); (5) Van
der Weijden and Pacheco (2006); (6) Almeida (2003); (7) Droogers and Immerzeel (2008); (8) Ferreira et al. (2004); (9) Fern�andez-Delgado et al. (2007); (10) Marta et al.
(2001); (11) Portela (2008); (12) Vale and Sundby (1987); (13) Vale et al. (1993); (14) Garel et al. (2009); (15) Guerreiro et al. (2017).

Length (km) Hydrographic watershed (103 km2) River discharge (hm3 per year) Suspended sediment load (106 t years�1)

Major rivers
Minho 300 (1) 17.081(1) (2) 9.460 (2)

10.375 (1)
N/A

Douro 927(1) 97.682(1) (2) 14.191(2)

14.800 (15)
0.16 (11)

Mondego 227(8) 6.644 (2) 2.492(2) N/A
Tagus 1000 (4) 80.629 (2) 9.460(2)

9.629 (15)
0.40 (12)

Sado 175 (4) 7.640 (2) 1.261(2) 0.015 (13)

Guadiana 810(10) 66.960 (2) 2.522(2)

2.680 (15)
0.5e1.51 (14)

Guadalquivir 657 (7) 58.000 (7) 0.132e4.224(9) N/A
Minor rivers
Tambre 125(3) 1.530 (3) N/A N/A
Ulla 132(3) 2.803(3) N/A N/A
Lima 180(1) 2.480 (1) (2) 1.955(2) N/A
C�avado 129(1) 1.589(1) (2) 1.892(2) N/A
Ave 94(1) 1.390(1) (2) 1.261(2) N/A
Vouga 141 (5) 3.362(5) N/A N/A
Mira 145 (6) 1.576(6) 0.063(2) N/A
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frequency and fire return interval (time between two fires), and
medium to large fire sizes (V�azquez et al., 2002) during summer
(Rodrigues et al., 2020). Fire frequency is low with a long return
interval in the semi-arid, shrubby vegetation.

Fire activity in the Iberian Peninsula is mostly controlled by the
length and intensity of the dry season (Turco et al., 2017) with in-
fluences of heat wave occurrences (Cardil et al., 2014). In addition it
follows an aridity/productivity gradient (Carmona-Moreno et al.,
2005; Pausas and Paula, 2012; V�azquez et al., 2002). Fires are
more frequent and extensive in wet productive areas with abun-
dant vegetation cover than in dry fuel-limited areas. Seasonal dis-
tribution of precipitation is then important. For example, in the
deciduous forest of the Atlantic bioclimatic region, spring rains
favour fuel accumulation, and very intense summer dry spells
favour fuel flammability (Rodrigues et al., 2020; Trigo et al., 2016).
2.2. Geomorphology of the iberian margin and the Gulf of C�adiz and
their terrestrial sediment sources

In the adjacent marine environment, the Iberian margin that
extends from 43�N to 37�N and from 13�W to 9�W is divided into
three geomorphological units (Maestro et al., 2013) (Fig. 2a). The
Galicia continental margin (Fig. 2a) extends from 44�N to 41.5�N
with a length of 350 km between the coast and the abyssal plain
(V�azquez et al., 2008). Its continental shelf extends to about 70 km
off the coast with a water depth that varies between 30 m near the
coast and 160e180 m delimiting the shelf break (Dias Jouanneau
et al., 2002). Further offshore, located about 120 km off the coast-
line, a seamount, the Galicia bank, rises up to 700m below sea level
(bsl) (Dias Jouanneau et al., 2002; Maestro et al., 2013).

The Portuguese continental margin (Fig. 2a) extends from
41.5�N to 37�N (Maestro et al., 2013). Its continental shelf width
varies between 20 and 50 km (Guerreiro et al., 2015) with a slope of
less than one degree up to the shelf break located at about
160e200 m bsl. The continental shelf and slope of the Portuguese
margin are cut from the north to the south by the Porto, Aveiro,
Nazar�e, Cascais, Setubal and Sao Vicente (Saint Vincent) submarine
canyons (Fig. 2a). The Setubal canyon, with its two branches, is the
only one that is connected with modern rivers, the Tagus and Sado
rivers (Alves, 2003; Guerreiro et al., 2007; Lastras et al., 2009;
Lebreiro et al., 1997).

The Gulf of C�adiz extends from 6�Wto 9�Wbetween the Strait of
Gibraltar and the Sao Vicente Cape. The continental shelf is
30e40 kmwidewith the shelf break at 120m bsl (Lobo et al., 2001).
The continental slope is divided into three parts depending on the
water depths (Mougenot and Vanney, 1982), between 130 and
400m, 400e1200m and 1200e2000m. Then the rise extends from
2000 m to 4000 m and the abyssal plain from 4000 m.

The Iberian margin receives sediment inputs mainly from the
Douro and Tagus rivers but also from the Minho, Mondego and
Sado (Dias Jouanneau et al., 2002; Dias, 1987; Jouanneau et al, 1998,
2002; Oliveira, 2002). Sediments can also be transferred seaward
by other minor rivers such as the Tambre, Ulla, Lima, Cavado, Ave,
Vouga and Mira (Table 1). The Gulf of C�adiz is situated at the
mouths of the major Guadiana and Guadalquivir rivers. Rivers
supply a large amount of sediments to the Iberian margin and the
Gulf of C�adiz (Table 1), although this amount has probably been
reduced by the construction of several dams since 1900 (Lehner
et al., 2011) which diminish the delivery of sediment by rivers
(Kondolf et al., 2014). It is worth noting, however, that some cata-
strophic floods released large amounts of sediment, such as the one
that occurred in 1979 in the Tagus river, an event during which
several years of normal river sediment discharge reached the es-
tuary within a couple of days (Vale and Sundby, 1987).
5

2.3. Oceanic conditions and processes in the transport of fine
sediment

On the Iberian margin, the transport of the suspended particu-
late matter is controlled by the seasonal hydrodynamic context.
From September/October to April/May (winter season), enhanced
onshore and slightly northward winds on the Iberian margin
trigger downwelling currents, while northerly and northwesterly
winds trigger upwelling currents the rest of the year (Dias
Jouanneau et al., 2002; van Weering et al., 2002; Villacieros-
Robineau et al., 2019). The suspended particulate matter released
by rivers is transported to the outer shelf in nepheloid layers
detaching from the continental slope (van Weering et al., 2002;
Oliveira et al., 1999; Villacieros-Robineau et al., 2019) and then
northward during downwelling conditions and temporally trapped
in the inner shelf during the upwelling season.

Downwelling currents favour the seaward export of sediments
on the inner shelf (Oliveira, 2002; Villacieros-Robineau et al., 2019)
called the high resuspension inner shelf area (HIRSA) (Fig. S1). The
Inshore Coastal Current (ICC) (inner shelf) (Villacieros-Robineau
et al., 2019) and the Iberian Poleward Current (IPC) in the upper
200 m of water depth (Frouin et al., 1990) flow northward leading
to the northward transport of suspended material (Villacieros-
Robineau et al., 2019) (Fig. 2b). On the Galician margin (Fig. 2a)
particles are remobilized in the well-developed bottom nepheloid
layer (BNL) (Oliveira et al., 1999; Villacieros-Robineau et al., 2019).

During the upwelling season, the weak energy and well devel-
oped surface nepheloid layers permit pelagic vertical sinking
(Villacieros-Robineau et al., 2019) and fine sediments are tempo-
rally trapped in the Minho, Douro and Tagus mud patches located
on the continental shelf in front of the river mouths (Dias
Jouanneau et al., 2002; Jouanneau et al., 1998). During this season
the ICC flows southward on the inner shelf but the BNL is suffi-
ciently developed offshore, allowing sediments to be exported
westward and picked up by the IPC (Villacieros-Robineau et al.,
2019). In addition, modelling work conducted by Otero et al.
(2013) reported an episode of upwelling favourable winds during
the winter season. During this episode, particles were exported
southwestward off the Douro and Minho rivers. Particles released
at the mouth of the Minho (42�N) did not reach the latitude of the
Douro river mouth (41.5�N) and particles released at the mouth of
the Douro did not reach the mouth of the Mondego (40.2�N), even
when the ICC flowed southward during upwelling conditions.

The canyons incising the Iberian margin act as preferential
conduits for transporting sediments from the continental shelf to
the deep sea all year long (Fig. 2a). However, the particle remobi-
lisation in canyon heads during the downwelling season amplifies
the amount of supplied material (Jouanneau et al., 1998; Lastras
et al., 2009; Villacieros-Robineau et al., 2019). The Nazar�e canyon
acts as a major conduit for the transport of particulate matter to the
deep sea as it crosses the continental shelf (Schmidt et al., 2001),
depriving the rest of the shelf of sediments down to Lisbon.

Beyond the continental shelf, on the continental slope and at the
bottom of the slope, the Eastern Atlantic Central Water (ENACW)
flows northward between 100/200 m and 500 m of water depths
(Hern�andez-Molina et al., 2011) (Fig. S1). The intermediate circu-
lation is dominated by the Mediterranean Outflow Water (MOW),
which flows northward along the Iberian coast at depths between
approx. 500 m and 1500 m (Maestro et al., 2013). The deep circu-
lation is dominated by the North Atlantic Deep Water (NADW) that
flows southward beneath 1500 m bsl (Hern�andez-Molina et al.,
2011). In the Gulf of C�adiz the North Atlantic Superficial Water
(NASW) and the North Atlantic Central Water (NACW) constitute
the superficial oceanic circulation that flows to the southeast on the
continental shelf and the upper part of the continental slope, at
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respective water depths of 0e300m for the former and 300e600m
for the latter (Hern�andez-Molina et al., 2011). Below this, the
Mediterranean Outflow Water (MOW) splits into two branches
which flow to the west at depths between 400 and 600 m and
between 600 and 1400 m. The NADW follows an anti-cyclonic gyre
circulation in the Gulf (Hern�andez-Molina et al., 2011).
3. Material and methods

3.1. Marine surface sediments

The sample dataset includes 100 core-top sediment samples
from the ocean floor and two samples collected at the mouths of
the Promira and Sado rivers. The 100 samples were collected from
several marine sedimentary cores from 13 oceanographic cruises
carried out between 1981 and 2013 on the Iberian margin (8�W-
13�W/43�N-36�N) (Fig. 3), recovered by various coring methods
(mostly box, piston and multicore) (Table S1). Samples were
recovered in the most superficial sections of the sedimentary cores,
depending upon the availability of sediment. Our dataset contains
23 samples taken at core depths 0e0.5 cm, 50 samples at 0e1 cm,
22 samples at 0e2 cm, 4 samples at 2e2.5 cm and 1 sample at
4e5 cm core depths. 33 samples were collected from cores
retrieved in the Galician continental margin, including 21 samples
located between 9�Wand 13�Wand 43�N and 42�N and distributed
between the continental slope and the abyssal plain (1129 m and
5378 m bsl). The 12 remaining samples were located off the Douro
river between 8�W and 10�W, and on the continental shelf and
slope (51 m and 1989m bsl) between the Porto and Aveiro canyons.
60 samples were collected from cores retrieved in the Portuguese
margin including 12 off the Mondego river, north of the Nazar�e
canyon, between 8�W and 10�W. Their location is limited to the
continental shelf and slope (28 m and 1808 m bsl). The 48
remaining samples are located between 8�W and 11�W between
the Nazar�e and Sao-Vicente canyons on the continental shelf and
Fig. 3. Location of samples (colour dots) and definition of microcharcoal preferential source
Ulla and Minho rivers; Zone 2 by the Douro; Zone 3 by the Mondego; Zone 4 by the Tagus an
of the submarine canyons. Interface cores are indicated (Pech7I and the 4 stations of PE109
referred to the Web version of this article.)
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slope (13 m and 3731 m bsl). A value of 0 m depth was arbitrarily
assigned to the two samples collected at the mouths of the Sado
and Mira rivers. We explored the temporal variability in micro-
charcoal concentrations using five interface cores located in the
Galician margin (Fig. 3), the PE109-97-Station4 (10 samples,
sampled every 0.5 cm, covering the period 1897e1969), the PE109-
97-Station8 (6 samples, every 0.5 cm, 1888e1948), the PE109-97-
Station9 (6 samples, every 0.5 cm, 1886e1948), the PE109-97-
Station6 (8 samples, every 0.5 cm, 1898e1964) and the Pech7I (8
samples, every 0.5 or 1 cm, 1935e2005).

Our compilation of dating information, when available or ob-
tained by 210Pbxs measurements on the bulk sediment, show that
the samples cover from one decade to a few centuries of environ-
mental changes (Table S1; Table S3). Among the 102 samples, two
are modern, nine are dated less than 20 years, two less than 60
years, four less than 100 years, one less than 350 years and two
samples less than 500 years. 12 samples are estimated to be of the
late Holocene age and 10 of the Holocene age. No information
regarding dates is available for the remaining 60 samples.
3.2. Microcharcoal concentrates and their quantification by image
analysis

The chemical treatment applied to obtain microcharcoal con-
centrates follows that of Daniau et al. (2007). About 0.2 g of dry bulk
sediment was treated with 5 ml of 37 % hydrochloric acid (HCl), to
eliminate the calcium carbonates, and 5 ml of 37 % nitric acid
(HNO3) in a water bath at 70 �C for an hour, followed by the
addition of 10 ml of 33 % hydrogen peroxide (H2O2) to digest the
organic matter. Hydrogen peroxide does not bleach charcoal
(Herring, 1985; Rhodes, 1998). The samples were transferred to test
tubes and centrifuged at 3000 rpm for 7 minwith distilled water to
clean and remove the supernatant before using 25 ml of 70 % hy-
drofluoric acid (HF) to eliminate the siliceous material, followed by
rinsingwith HCl to remove colloidal SiO2 and silicofluorides formed
areas (coloured areas on land) drained by major rivers. Zone 1 drained by the Tambre,
d Sado; Zone 5 by the Guadiana and the Guadalquivir. Red lines underline the location
-97). (For interpretation of the references to colour in this figure legend, the reader is
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during the HF digestion and then distilled water for cleaning the
residue. A dilution of 0.1 (distilled water) was applied to the residue
and the suspension was then filtered on a membrane of 0.45 mm
porosity and 47 mm in diameter. A portion of this membrane was
mounted onto a PMMA (Poly Methyl Methacrylate) slide with ethyl
acetate. The slides were hand polished with a PRESI polisher (The
CUBE) on a very soft flock cloth for 4 min using alumina solution of
400 Angstr€om. The slides were scanned with an automated Leica
DM6000M microscope at � 500 magnification in a controlled
transmitted light adjustment to detect and measure microcharcoal
(length >10 mm) as being black, opaque, and angular (Boulter,
1994), using a threshold value in tint, saturation and lightness
(TSL) colour space. Petrographic criteria in reflected light were used
to secure the identification of microcharcoal in transmitted light.
For each sample the microcharcoal concentrationwas calculated by
number of particles per gram dry weight (CCnb in nb/g) as well as
by total area of all microcharcoal in one sample per gram dry
weight (CCsurf in mm2/g). This is to avoid the overrepresentation of
CCnb as the result of potential fragmentation during production or
transport. The shapewas also analysed using the elongation, i.e. the
particles’ length to width ratios.

3.3. Microcharcoal preferential source areas

Particulates of microcharcoal are mainly transported by water
and winds (Millspaugh and Whitlock, 1995; Patterson et al., 1987)
before being integrated into the sediments either in lakes or in the
marine realm. The specific gravity of dry microcharcoal particles is
0.3e0.6 (Turner et al., 2004) with a length between 10 and 100 mm
(Whitlock and Larsen, 2002). Water saturated microcharcoal par-
ticles have a specific gravity of 2.2, similar to that of pollen grains
(Turner et al., 2004). Thus, microcharcoal transport and sedimen-
tation in the ocean is likely to be similar to that of pollen grains.
Pollen studies of deep-sea surface sediments close to river mouths
showed that fluvial transport is the dominant delivering process of
pollen grains to offshore areas as it is the case in thewestern Iberian
margin (Naughton et al., 2007) while airborne pollen transport
prevails in marine sediments located further than 300 km offshore,
weakly influenced by rivers (e.g.). Biological and chemical pro-
cesses in the upper part of thewater column, such as agglomeration
of dust and other microparticles into faecal pellets and marine
snow, increase significantly the settling rates of pollen grains so
that they cross the water column with a relatively high speed
(estimated at about100 m/day in the Atlantic water column,
Hooghiemstra et al. (1992)) before being deposited on the sea floor
in the absence of strong lateral and bottom currents (Mudie and
McCarthy, 2006; Turon, 1984).

The latitudinal pollen distribution in marine surface sediments
represents the vegetation distribution in the adjacent continent
(Dupont and Wyputta, 2003; Heusser and Balsam, 1977;
Hooghiemstra et al., 2006; Mudie, 1982). In particular, pollen as-
semblages from surface marine sediments collected along the
Iberian margin clearly distinguish the vegetation formations of the
adjacent hydrographic basins of the western Iberian Peninsula
(Morales-Molino et al., 2020; Naughton et al., 2007). Thus, micro-
charcoal preserved in marine core-top sediments is assumed to
reflect an integrated image of the recent regional fire regime of the
adjacent continent.

Wildfire plumes may raise high into the atmosphere depending
on the fire radiative power (Sofiev et al., 2013) and may lift and
transport charcoal particles to different distances from the fire.
Clark (1988) showed that aeolian charcoal particles of a small
length can be transported further away than larger particles.
Microscopic charcoal particles (about 5e200 mm in length) are
deposited a few hundred metres away from the fire, up to a few
7

dozen kilometres for a column injection of about 1 km height. The
maximum injection height above the Iberian Peninsula is about
1500e2000m (Sofiev et al., 2013). Ourmicrocharcoal particles with
a length between 10 and 125 mm could, therefore, be deposited a
few hundredmetres away by surfacewind from the fire location, up
to a few dozen kilometres by high altitude winds. Vachula, 2021
suggests that a source area of 50 km should be considered for all
size fractions. Anti-cyclonic circulation patterns associated with
warm and dry winds from inland leading to very high values of
burnt area occurred during August (Trigo et al., 2016). Dominant
winds at 850 hPa (1450 m) blow northward along the coast and
northeastward over the centre of the Iberian Peninsula (Fig. 2c).
Given the direction of the winds along the coast, some charcoal
may potentially travel from each basin to the nearest one to the
north (from the Sado to the Tagus, the Tagus to the Mondego, the
Mondego to the Douro and, the Douro to the Minho). Inland,
charcoal may be transported from the Guadalquivir to the Guadiana
and, from the Guadiana to the Tagus hydrographic basin.

The Guadalquivir, Guadiana, Tagus, Sado and the eastern part of
the Douro hydrographic basins are located in the pyroregion with
sparse fires and low values of burnt area (Trigo et al., 2016). A few
number of fires are located along the northern borders of those
basins, suggesting that a limited transfer of charcoal may occur,
50 km from the fire source (Vachula et al., 2021). Also, given the
relief, it is unlikely that a substantial amount of charcoal would be
transported from the Tagus to the Douro. We cannot exclude some
contributions from the Tagus to theMondego, from theMondego to
the Douro and from the Douro to the Minho.

Based on the studies above and on the sediment input and
transport of fine particles to the Iberian margin (sections 2.2 and
2.3), we grouped our marine microcharcoal samples in five zones
depending on their preferential source areas on land (Fig. 3). Zone 1
includes 21 marine samples located between 44�N and 42�N and
their preferential sediment source area associated to the Minho,
Tambre, Ulla and Lima watersheds. Zone 2 comprises 12 samples
located between the Porto and Aveiro canyons, the associated
major Douro watershed and Ave, Vouga and C�avado minor water-
sheds. Zone 3 includes 11 samples located between 38.5�N and
38.2�N and the hydrographic watershed of the Mondego. We
acknowledge that zones 1 and 2 may also be affected by sediments
released by the Douro and the Mondego, respectively. Zone 4
groups 48 samples between the Nazar�e and Sao-Vicente canyons,
associated with the major watersheds of the Tagus and the Sado as
well as the Mira and other small watersheds. Most of the fine
particles in the whole southern half of the Iberian margin come
mainly from the Tagus and Sado rivers, whose particles exported
offshore propagate both to the north and the south carried out by
ocean currents (Dessandier et al., 2016; Jouanneau et al., 1998). The
Tagus, Sado, Mira, Guadiana and Guadalquivir basins belong to the
same pyro-region (Fig. 2c) in which the fire regime is similar
(Rodrigues et al., 2020). However, we separated watersheds from
the rivers which flow into the Iberian margin (Tagus, Sado, Mira)
from those which flow into the Gulf of C�adiz (Guadiana, Gua-
dalquivir). Zone 5 includes therefore 8 samples located in the Gulf
of C�adiz associated with the Guadiana and Guadalquivir main wa-
tersheds and other small watersheds located between 5.5�W and
9�W.

3.4. Explanatory variables, data sources, treatments and analyses

Climate data, temperature and precipitation were extracted
from the CRU (Climatic Research Unit) database (Version: CRU CL v.
2.0, grid with spatial resolution: 10 min, period: 1961e1990) of
New et al. (2002). The Net Primary Productivity (NPP) data come
from the GFED4s (Global Fire Emissions Database that includes
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Small fires) (Version: GFED4s, grid with spatial resolution: 0.25�,
period: 1997e2015 (Giglio et al., 2013)). Fire regime data were
derived from the global database of fire patches (FRY_MCD64) from
the MODIS sensors on board the Aqua and Terra satellites (Laurent
et al., 2018), i.e. the burnt area in hectares (ha) and the Fire Radi-
ative Power FRP (the energy emitted by fire measured in Watts) for
each fire over the period 2001e2016 (Laurent et al., 2019). From this
database, we calculated the fire return interval (FRI) by dividing the
number of days in one year (using 365 days per year) by the
number of fires per year for each zone.

The FRY database also contains the four main vegetation types
according to the UNLCCS classification (United Nations Land Cover
Classification System) called "burnt species" which burn each year.
Based on the conversion carried out in the work of Poulter et al.
(2015), the four main burnt species were grouped into four
groups "Burnt Tree", "Burnt Shrub", "Burnt Grass" and "Burnt Non-
vegetated", and into three categories "Burnt Open vegetation"
dominated by grasses and shrubs, "Burnt Mixed vegetation"
dominated by trees and shrubs, "Burnt Closed vegetation" domi-
nated by trees (Table S2).

Climate, vegetation and fire data were averaged annually or
seasonally (boreal winter season from DecembereFebruary, DJF;
spring from MarcheMay, MAM; summer from JuneeAugust, JJA;
autumn from SeptembereNovember, SON) according to micro-
charcoal preferential source areas (section 3.4), using ArcGIS for
Desktop software. We performed a principal component analysis
(PCA) using the package FactoMineR (Lê et al., 2008) on the sea-
sonal land climate and vegetation data (Temperature, Precipitation,
Net Primary Productivity) to explore environmental patterns on
landwhich could affect fire regimes and charcoal production. Initial
exploration of climate data indicated that winter and summer
temperature and precipitation differences between the north and
the south of the Iberian Peninsula are clearly seen when using
mean annual temperature (MAT) and mean annual precipitation
(MAP) (MAP and MAT are significantly and positively correlated
with seasonal values, Fig. S2 and S3). However, differences in the
net primary productivity between the north and the south of the
Iberian Peninsula are only evident when using winter and summer
seasons, and muted using annual average NPP (Fig. S4). Annual
climate data and seasonal NPP were then used to explore re-
lationships with microcharcoal concentrations. The distribution
pattern of microcharcoal concentrations and elongation ratio
values between zones were explored using boxplots. We used the
Student's T-test for the averages and the Kruskall-Wallis test for the
medians in order to explore the differences and similarities of
microcharcoal concentrations and elongation values between
zones (Fig. S7).

Cluster analysis (Fig. S9) was carried out on microcharcoal
concentrations and water depths of samples (and elongation ratio
values and water depths) using the single linkage (nearest neigh-
bour) algorithm and stratigraphically constrained clustering (Past
software, Hammer et al., 2000). Clusters are joined based on the
smallest distance between the two groups and only adjacent rows,
or groups of rows, are joined during the agglomerative clustering
procedure. No additional information was obtained when consid-
ering the distance to the coast as it is significantly and positively
correlated with the water depths of samples (Fig. S10).

4. Results

4.1. Microcharcoal concentrations and elongation

The concentrations of microcharcoal, CCnb (microcharcoal
concentration by number of particles per gram) and CCsurf
(microcharcoal concentration by total area of all microcharcoal in
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one sample per gram) (Table S3), are positively correlated (r¼ 0.92,
P < 0.001) (Fig. S5). Thus, CCnb can be used to describe the spatial
distribution of microcharcoal concentrations. The CCnb is hetero-
geneous on the Iberian margin, with concentrations varying be-
tween 0 nb/g (4 samples) and 1.1 � 106 nb/g (Fig. 4a). However, the
analysis of microcharcoal concentrations within the previously
defined areas shows a marked latitudinal variation in their distri-
bution (Fig. 4b). Zones 3 and 4 present the highest mean concen-
trations (3.3� 105 nb/g and 3� 105 nb/g, respectively), followed by
zones 2 (1.8 � 105 nb/g), 5 (8.1 � 104 nb/g) and 1 (5.1 � 104 nb/g).
Medians of microcharcoal concentration are overall higher in zones
3 and 4 compared to 1, 2 and 5 (Fig. 4b). The mean values of
microcharcoal concentration are similar for zones 4 and 3, and for
zones 1, 2 and 5, respectively (Student's T-test for the mean; p-
value >0.05) (Fig S7). Medians of zones 3 and 4 are similar to zone 2
and are significantly different from zones 1 and 5 (Kruskal-Wallis
test for the median; p-value <0.05).

The sediment density and sedimentation rates are not available
to calculate influx for each core-top sample. We further explore
whether the spatial distribution of microcharcoal concentration is
time dependent for samples with an estimated age (Table S1).
Zones 3 and 4 present a higher number of microcharcoal per gram
per year compared to zones 1 and 5 (Fig. S6), similar to the spatial
distribution of microcharcoal concentration per zones (Fig. 4b). We
suggest, therefore, that the spatial distribution of microcharcoal
concentrations is not dependent on the sedimentation rate.

Microcharcoal up to 125 mm in length were observed. Mean
microcharcoal elongation ratios vary between 1.43 and 2.96
(Fig. 4c). There are no differences between mean elongation values
between zones (Fig. S7). However, the medians of zones 4 and 1 are
significantly different (Fig. S7). In addition, although the mean
elongation values of microcharcoal (Fig. 4c) are similar between
zones (Fig. S7), the individual elongation ratio values present a high
variability, between 1.07 and 10.33 (Fig. 4d). In particular, zones 3
and 4 present the highest number of very elongated particles (ra-
tios between 3 and 10.33).

Results show that the mean microcharcoal concentration in-
creases with decreasing latitudes off the westernmost Iberian
margin, and more elongated microcharcoal particles are observed
in zones 3 and 4. In addition, a high variability of microcharcoal
concentrations is also observed within each zone (Fig. 4a).

The comparison between microcharcoal concentration in ma-
rine samples and the different datasets (climate, fire regime and
vegetation data) could be biased as the periods of data do not
overlap. However, Shafer et al. (2003) showed that spatial varia-
tions of climate were larger than temporal variations over the
period 1961e2008. Therefore, this temporal mismatch should not
influence the results of our comparison, and the relative differences
between hydrographic basins in terms of climate, vegetation and
fire regimes are likely to have been preserved over the past decades.
The distribution of microcharcoal concentrations according to
depth in the interface cores located within zone 1 (Fig. 3) is within
the range of the modern spatial variability (Fig. S8). This suggests
that mean environmental conditions on land and in the ocean over
the past 100 years, corresponding to these past century biomass
burning records, did not radically depart from conditions recorded
by the instrumental period, therefore supporting our comparison of
the different datasets.

4.2. Microcharcoal production in the western Iberian Peninsula and
concentrations in marine surface sediments

4.2.1. Climate and net primary productivity (NPP)
The principal component analysis yielded two dimensions with

eigenvalues of 44.3% and 25.7%, respectively (Fig. 5), 70% of the



Fig. 4. Spatial distribution of microcharcoal concentrations. a) Microcharcoal concentrations in samples located in the Iberian margin and the Gulf of C�adiz; b) Boxplot of mean
microcharcoal concentrations in each zone; c) Boxplot of mean elongation of microcharcoal in each zone; d) Boxplot of individual elongation value of microcharcoal in each zone.

Fig. 5. Results of the PCA of fires and environmental data for each fire between 2001 and 2016 (Laurent et al., 2018). Burnt Grass, Burnt Shrub and Burnt Tree derived from the FRY
database (Laurent et al., 2018). Net primary productivity for all seasons: NPP_winter, NPP_spring, NPP_summer, NPP_autumn, Mean Annual Temperature (MAT) and Mean Annual
Precipitation (MAP) derived from the GEFD4s database (Giglio et al., 2013). Preferential source areas of microcharcoal: zone 1 (blue circle), zone 2 (yellow circle), zone 3 (grey circle),
zone 4 (red circle), zone 5 (blue circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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variation therefore being explained by the first two eigenvalues.
Zones 1 and 2 are projected on the positive PC1 axis, characterising
a cold and humid climate with a high NPP in the summer and
autumn, while zones 4 and 5 are on the negative PC1 axis, char-
acterising a hot and dry climate with a high NPP in the winter and
spring. Zone 3 is less well characterised on the PC1 axis but seems
more characterised on the PC2 axis with a wet and warm climate
and high annual NPP values. The annual NPP spatial variability,
which reflects major vegetation type distribution (Running et al.,
2000), is high in the northern region dominated by the temperate
forest and low in the southern part occupied by sclerophyllous trees
and shrubs.

High microcharcoal concentrations in marine zones 3 and 4 are
associated with terrestrial zones characterised by a warm and dry
climate, with a low annual NPP but a high winter NPP; whereas low
microcharcoal concentrations (zones 1 and 2) are characterised by a
cool and wet climate, with a high annual and summer NPP.
Although terrestrial zone 5 is characterised by a similar climate and
NPP conditions as zone 4, its mean microcharcoal concentration is
lower.
4.2.2. Fire regimes
Low microcharcoal concentrations in zones 1 and 2 are associ-

atedwith a high number of fires (812 and 1584 fires in total over the
period 2001e2016, respectively) of small size (593 and 614 ha,
respectively) and of low intensity (mean FRP: 66 W) with a short
fire return interval (7 and 4 days, respectively) (Fig. 6). However,
zone 2 presents a high burnt area (9,72 � 105 ha) while zone 1
presents a low burnt area (2,35 � 105 ha). Those fire types occur in
cool andwet climate conditions with a high summer NPP (Fig. 5). In
zone 5 a low microcharcoal concentration is associated on land
with similar fire regimes characteristics, i.e. a moderate burnt area
of 6.73 � 105 ha, a high number of fires (927 fires) of small size
(726 ha in average) and of low intensity (mean FRP: 40 W) with a
short fire return interval (6 days) (Fig. 6), whereas the climate is hot
and dry and the NPP is high in winter (Fig. 5). High microcharcoal
concentrations in zones 3 and 4 are associatedwith a lower number
of fires (243 and 503, respectively) and larger fires (972 and
1485 ha, respectively) than in zones 1 and 2 (812 and 1584 fires,
and 593 and 614 ha, respectively). However, zone 3 presents a very
low burnt area (2.35 � 105 ha) while zone 4 presents a high burnt
area (7.47 � 105 ha). In addition, fire intensity is higher (mean FRP:
89 W) and the fire return interval lower (24 and 12 days, respec-
tively), in a hot and dry climate, the NPP being important all year
round in zone 3 and only during winter in zone 4.
Fig. 6. Microcharcoal concentrations versus fire regimes on the Iberian Peninsula over t
microcharcoal concentration in marine zones (CCnb); b) to g) correspond to total burnt are
Interval (FRI, in days), mean Fire Radiative Power (FRP, in Watts).
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4.2.3. Burnt species
The low mean microcharcoal concentrations and low mean

elongation ratios are associated with the burning of species cor-
responding to closed (42.3 %) and mixed (39.4 %) vegetation (in
zone 1 (Fig. 7) and with the burning of open vegetation at 92.6 %,
with 76.4% of it corresponding to managed grass in zone 5
(Table S2). The relatively low mean microcharcoal concentrations
and highmean elongation ratio in zone 2 are associatedwithmixed
(43.7 %), open (32.8 %) and closed (23.5 %) vegetation. The high
mean microcharcoal concentrations and high mean elongation
ratios are associatedwith the burning of open (37 %), mixed (37.5 %)
and closed (25.5 %) vegetation in zone 3, and with the burning of
open (67.6 %), closed (17.1 %) and mixed (15.3 %) vegetation in zone
4 (Fig. 7).
4.3. Physical site-specific variables on land and in the ocean and
relationships with the collection, transport and deposition of
microcharcoal

4.3.1. Size of watershed, river discharges and suspended sediment
loads

Low mean microcharcoal concentrations are observed off the
coast of watersheds of small (Minho) and large (Douro, Guadiana
and Guadalquivir) size rivers, of low (Guadiana and Guadalquivir)
and high (Douro) river discharges, and of low (Minho) and high
(Douro, Guadiana and Guadalquivir) suspended sediment loads
(Table 1). Highmeanmicrocharcoal concentrations are observed off
watersheds of small (Sado and Mondego) and large (Tagus) size
rivers, of low (Mondego, Sado) and high (Tagus) river discharges,
and of low (Sado, Mondego) and high (Tagus) suspended sediment
loads.
4.3.2. Water depth, marine geomorphology and ocean currents
The hierarchical grouping (clustering) considering micro-

charcoal concentrations and water depth of samples highlights
seven groups (Fig. 8a and Fig. S9a). Four groups (group 1 with 10
samples, group 2 with 9 samples, group 3 with 12 samples and
group 4 with 10 samples) are located on the shelf between 0 and
506 mbsl (Fig. 8b). Group 5 (40 samples between 598 and - 2280 m
bsl) and group 6 (11 samples between 2323 and 3162 m bsl) are
located on the upper and bottom of the slope, respectively. Group 7
(10 samples, between 3557 and 5357 m bsl) corresponds to the
abyssal plain.

Mean microcharcoal concentration values of groups 1, 2 and 3
are significantly similar, and different from group 5 (Student T-test
he period 2001e2016 (FRY database) (Laurent et al., 2018), for each zone. a) mean
a (in ha), total number of fires, mean fire size (in ha), fire frequency, mean Fire Return



Fig. 7. Burnt species from the FRY database (Laurent et al., 2018) classified following the United Nations Land Cover Classification System (UNlLCSS). Green colours correspond to
closed vegetation: C60 (tree cover, broadleaf, deciduous, closed to open (>15%)), C70 (tree cover, needleleaf, evergreen, closed to open (>15%)), closed<5 % (sum of burnt species
percentages from the closed vegetation present <5 %). Blue colours correspond to the mixed vegetation: M100 (mosaic tree and shrub (>50%)/herbaceous cover (<50%)), mixed<5 %
(sum of burnt species percentages from the mixed vegetation present <5 %). Orange colours correspond to the open vegetation: O10 (cropland, rainfed), O11 (herbaceous cover),
O20 (cropland, irrigated or post-flooding), O30 (mosaic cropland (>50%) nat. veg. (tree, shrub, herb.) (<50%)), O40 (mosaic nat. veg. (tree, shrub, herb.) (>50%)/cropland (<50%)),
open<5 % (sum of burnt species percentages present in the open vegetation <5 %). Numbers in the rectangles correspond to percentages of the different burnt vegetation type. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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for the mean; p-value >0.05) (Fig. 8a, Fig. S12a). Mean micro-
charcoal concentrations of groups 5, 6 and 7 are different. Group 4
share common features with other groups. The clustering consid-
ering microcharcoal elongation values and water depths of samples
highlight six groups with similar means and medians (Figs. S11 and
S12).

As a general pattern, the mean microcharcoal concentrations
decrease from the shelf (groups 1 to 4) to the upper slope (group 5),
increase from the upper slope to the bottom of the slope (group 6)
and decrease again from the slope to the abyssal plain (group 7).
The increase of mean microcharcoal concentrations along the slope
is observed. 20 samples located between the Setubal and the Sao-
Vicente canyons on a gentle and regular continental slope are
spatially well distributed from the upper to the bottom of the slope
at different water depths ranging from 506 to 3731 m bsl (Fig. 8b,
black polygon, groups 5 and 6). This zone presents a sufficient
number of samples to explore the influence of water depth on
microcharcoal concentrations within a specific depositional area.
Mean microcharcoal concentrations and water depths (negative
values) are negatively correlated (r ¼ �0.63, P < 0.01, Fig. 8c.

5. Discussion

5.1. Microcharcoal in marine sediments as a tracer of fire regimes

The results presented above suggest that differences between
groups of mean microcharcoal concentrations depend on large-
scale environmental variations on the adjacent landmasses (at a
11
sub-continental scale) which affect the production of charcoal
(Fig. 1). Mean microcharcoal concentrations in the marine realm
can be either high or low depending upon the watershed size, the
river discharge and the suspended sediment load. The study of
Marlon et al. (2006) indicated that charcoal influx in lake sediments
increases with watershed size due to a higher burnable area. In
contrast, our results suggest that physical site-specific variables on
land, i.e. the watershed size, river discharge and suspended sedi-
ment load do not impact the capture and transport of micro-
charcoal within the watershed and microcharcoal input to the
ocean. In addition, studies on North Pacific marine sediments
showed that the distribution pattern of charcoal concentrations
was similar to the distribution pattern of charcoal accumulation,
suggesting that the distribution pattern of charcoal concentration is
not an artefact produced by varying degrees of sediment dilution
(Herring, 1985; Smith et al., 1973).

Our study, in contrast to previous studies of microcharcoal in
terrestrial (Duffin et al., 2008; Tinner et al., 1998) and marine areas
(Mensing et al., 1999), indicates an opposite relationship between
microcharcoal concentration and the number of fires and no rela-
tion with the burnt areas. This finding in our marine sediments is
consistent with the study of Whitlock and Larsen (2002), which
suggests that temporal increases in microcharcoal abundances in
lakes reflect a change in fire regime, rather than a strict change in
the number of fires or area burned, when fires suddenly affect
previously high biomass fire-free areas instead of low biomass fire-
prone areas. High values of fire size, FRI and FRP in zones 3 and 4 are
associated with high mean microcharcoal concentrations in the



Fig. 8. Relationships between microcharcoal concentration and water depth. a) Box-
plots representing the variability of microcharcoal concentration in seven groups
defined by clustering analysis: samples located on the continental shelf (orange, pink,
light green and dark green boxplots); samples located on the continental slope (yellow
and purple boxplots); samples located in the abyssal plain (blue boxplot). b) Location
of clusters. c) Scatter plot of microcharcoal concentrations and water depths for
samples located in black polygon (Fig. 8b) and associated correlation coefficient. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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marine domain, while low values of these parameters in zones 1, 2
and 5 are associated with low mean microcharcoal concentrations
(Fig. 6). Our results are in line with other studies suggesting that
increases in microcharcoal concentration could be related with
large fires of high intensity (Adolf et al., 2018; Duffin et al., 2008;
Lynch et al., 2004). High-intensity fires consume more vegetation
and thicker elements than leaves, such as twigs and branches
(Higuera et al., 2005), producing more charcoals than low-intensity
fires (Adolf et al., 2018; Duffin et al., 2008; Lynch et al., 2004). High
fuel amount has also been suggested to explain high charcoal
concentration in North American lakes and in marine surface
sediments off the Pacific coast (Marlon et al., 2006; Smith et al.,
1973). We hypothesise, therefore, that large infrequent fires of
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high intensity during dry summers produced the observed high
amount of microscopic charcoal in zones 3 and 4.

Experimental analyses of length-to-width ratio of charcoal
produced by the burning of "grass", "tree" and "shrub" species from
North America, the United Kingdom and Arctic tundra showed that
charcoal from "grass" has a greater elongation ratio than charcoal
derived from "tree" and "shrub" (Umbanhowar and McGrath, 1998;
Crawford and Belcher, 2014; Pereboom et al., 2020). Different
elongation ratios are reported for grass and tree charcoal by these
studies. For wood, a mean elongation ratio is about 2.13 ± 0.13 in
muffle furnace or 2.23 ± 0.1 in open burn according to
Umbanhowar and McGrath (1998) and about 1.97 according to
Crawford and Belcher (2014). For grass, Crawford and Belcher
(2014) observed a ratio of about 3.7, smaller than the ones
observed by Umbanhowar and McGrath (1998) (3.62 ± 0.15 in
muffle furnace and 4.83 þ 0.27 in open burn), whereas Pereboom
et al. (2020) reported a mean ratio of about 6.77. Our mean elon-
gation ratios (between 1.43 and 2.96; Fig. 4c) in marine sediment
samples are smaller compared to the ones from the experimental
analyses. Smaller ratios may be linked to a higher breakage of
charcoal particles due to the long transport by rivers.

However, boxplots of individual elongation values of micro-
charcoal show that zone 4 in particular presents a large amount of
very elongated particles (outliers with an elongation ratio between
3 and 10) (Fig. 4d). Those values are close to the values obtained
from experimental grass charcoal. In addition, Umbanhowar and
McGrath (1998) reported that the elongation ratio is lower for
particles trapped by a 125 mmversus a 250 mm sieve. Therefore, it is
possible that our microcharcoal particles below 125 mm in length
present globally smaller elongation ratios.

It is also likely that our samples consist of microcharcoal pro-
duced by different types of burnt vegetation and different species.
Using relative changes in the mean elongation ratio therefore
seems more relevant than using a threshold ratio to discriminate
grass versus tree burnt-type vegetation between the different
zones (Crawford and Belcher, 2014).

We suggest, therefore, that high microcharcoal concentrations
in zones 3 and 4, marked by a large amount of elongated particles,
reflect large and high intensity fires of low frequency spreading in
open evergreen sclerophyllous Mediterranean forests (Fig. 1a), with
an understorey composed of grasses. The low mean microcharcoal
concentrations with aweak quantity of elongated particles in zones
1 and 5 would reflect small and low intensity fires of high fre-
quency, spreading either in closed deciduous Atlantic forest for
zone 1 (Figs. 1a and 7) or in open vegetation dominated by
managed grass for zone 5 (Fig. 7). Although zones 2 and 3 present a
similar proportion of burnt vegetation type, zone 2 is marked by a
lower mean microcharcoal concentration and a weaker quantity of
elongated particles compared to zones 3 and 4. This finding is in
accordance with small and low intensity fires of high frequency
(Fig. 6) occurring in the closed deciduous Atlantic forest (Fig. 1a).
Mean microcharcoal concentrations and morphologies in marine
sediments from the Iberian margin are then primarily controlled by
the burnt vegetation type.

We suggest that the burning of open and mixed vegetation in
zones 3 and 4 dominated by sclerophyllous vegetation produces
more microcharcoal particles than the burning of closed vegetation
in the northwestern Iberian Peninsula dominated by temperate
trees. This is in agreement with the findings of Adolf et al. (2018)
whose study showed higher microcharcoal accumulation in Med-
iterranean lake sediments than in lakes from temperate and boreal
biome regions.

Our results suggest therefore high production of microcharcoal
during the burning of open and mixed vegetation by intense fires
under dry climate conditions (zones 3 and 4). However, similar



Fig. 9. Comparison between vegetation (a) to (f) and biomass burning (g) changes
during the Holocene in the southwestern Iberian Peninsula recorded in the deep-sea
core MD95-2042. Pollen percentages of (a) conifer trees and shrubs, (b) Temperate
tree taxa, (c) Mediterranean taxa, (d) Open ground taxa, (e) Ericaceae, (f) Semi-desert
(Chabaud et al., 2014), (g) Microcharcoal elongation ratio, (h) Microcharcoal concen-
trations (mm2/g) (Daniau et al., 2007).
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climate conditions in zone 5 are associated with frequent and small
low intensity fires that occur in vegetation dominated by managed
grasses. The low microcharcoal concentration is likely to be asso-
ciated with the burning of this single type of vegetation, mostly
post-harvest residues, as residence times of fire and fire intensities
in grassland ecosystems are typically low (Johansen et al., 2001).
Low microcharcoal concentration is also observed under wet
climate conditions associated with small fires of low intensity in
closed and mixed vegetation, limiting the amount of charcoal
production (zones 1 and 2).

Based on 102 samples, our study further shows that micro-
charcoal concentration slightly decreases from the shelf to the
upper slope (Fig. 8), then increases from the upper to the bottom
slope, and decreases again in the abyssal plain. The distribution of
microcharcoal particles in the ocean floor is independent of their
shape (Fig. S11 and S12b), suggesting an homogeneous oceanic
transport and deposition. The high variances within groups 1 to 4
reveal the large heterogeneity in the distribution of microcharcoal
concentrations on the continental shelf (0e506 m bsl). This great
heterogeneity may be due, as for the deposition of fine particles, to
a high hydrodynamic environment with the action of the IPC and
ICC ocean currents (Frouin et al., 1990; Villacieros-Robineau et al.,
2019) and to the reworking of sediments during storms (Oliveira,
2002; van Weering et al., 2002). Naughton et al. (2007) observed
a decreasing trend in pollen concentration from the shelf to the
slope along the Iberian margin based on 10 surface samples. Our
results suggest that microcharcoal transport in the marine realm is
similar to that of pollen up to the upper slope. The increase of
microcharcoal concentration along the slope is likely to be related
to ocean sedimentation processes. The waves and hydrology effects
on the shelf and on the upper slope during downwelling seasons
(winter) lead to the remobilisation of fine particles inside bottom
nepheloid layers, which accumulate in higher quantities in the
middle and lower slopes in the northern part of the Iberian
Peninsula (Dias Jouanneau et al., 2002; vanWeering et al., 2002). In
the south (in particular at the mouth of the Tagus) the remobili-
sation of fine particles inside bottom nepheloid layers during
winter leads to the transport of sediments to the deep sea through
canyons (Jouanneau et al., 1998).

The extremely low microcharcoal concentration in the abyssal
plain (Group 7, between 3557 m and 3731 m bsl) (Fig. 8a) may be
linked to a reduced transport and input of particles at locations far
from the coast or to the settling/trapping of microcharcoal particles
in sediments on the shelf and slope. This result is consistent with
the one from Herring (1985) in the North Pacific, showing higher
charcoal concentrations near land masses compared to open ocean
sites at comparable latitudes, tentatively explained by river inputs
and/or turbidite redeposition from shelf sediments. It is worth
noting that microcharcoal concentration values from samples from
the Gulf of C�adiz located at similar depths as the MOW are within
the variability of group 5, suggesting that the MOW does not in-
fluence the deposition of microcharcoal in the Gulf of C�adiz.

5.2. Changes in southwestern iberia biomass burning during the
Holocene

We used our present-day spatial relationships between micro-
charcoal concentration and environmental factors to infer changes
in southwestern Iberia biomass burning during the Holocene from
the microcharcoal record of core MD95-2042 located on the Por-
tuguese margin off Lisbon (Daniau et al., 2007). Previous inter-
pretation of this paleofire record suggested that low biomass
burning associated with elongated particles during the cold phases
of the last glacial period, Greenland Stadials (GS) and Heinrich
Stadials (HS), were driven by a limited fuel grass environment, i.e.
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semi-desert vegetation composed of Artemisia, Chenopodiaceae
and Ephedra (Daniau et al., 2007). During Greenland Interstadials
(GI), the expansion of Mediterranean forests and heathlands (Eri-
caceae) increased fuel availability, leading to the increase in
biomass burning (Daniau et al., 2007).

A long-term increase inmicrocharcoal concentrations (or influx)
has been observed over the last 16,000 years (Fig. 9h). It is punc-
tuated by a sharp trough between 12.9 and 11.8 kyr corresponding
to the Younger Dryas (YD) and relatively low values between 10 and
8 kyr, both periods characterised by a high elongation ratio (Fig. 9g)
(Daniau et al., 2007). From these data we infer the progressive in-
crease of biomass burning during the deglaciation and the inter-
glacial interrupted by two periods of burning decrease during the
cold and dry YD and the warm and wet climatic optimum in the
Iberian Peninsula (Chabaud et al., 2014; Gomes et al., 2020).

At present, the burning of open evergreen sclerophyllous
Mediterranean vegetation in the Tagus and Sado watersheds pro-
duces higher microcharcoal concentration values (higher biomass
burning) than in the closed Atlantic forests (Minhowatershed) or in
the mixed Atlantic and Mediterranean vegetation (Douro water-
shed) regions. Relatively high elongated particles are produced
during the burning of open evergreen sclerophyllous Mediterra-
nean vegetation (Tagus and Sado watersheds), of mixed Atlantic
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and Mediterranean vegetation (Douro watershed) and of open
vegetation (Guadalquivir and Guadiana watersheds). Low elonga-
tion ratio characterised the Atlantic bioclimatic region dominated
by deciduous forests and shrublands (Ericaceae) (Minho and Douro
watersheds).

The sharp decrease of biomass burning, associated with elon-
gated particles during the YD, and the relatively weak biomass
burning between 10 and 8 kyr, suggest frequent small fires of low
intensity occurring in open vegetation or in mixed Atlantic and
evergreen sclerophyllous Mediterranean vegetations. The increase
in microcharcoal concentrations during the past 8 kyr could have
been driven by infrequent large fires of high intensity spreading
into open evergreen sclerophyllous Mediterranean vegetation.
However, the relatively low values of the elongation ratio suggest
the burning of Atlantic vegetation and shrublands.

The comparisonwith pollen-based vegetation changes detected
in the same core (Chabaud et al., 2014) confirms that the sharp
decrease in biomass burning, associated with elongated particles
during the YD, is associated with the expansion of semi-desert
vegetation (Fig. 9f). The YD is characterised by cold and dry
climate conditions in the area (Chabaud et al., 2014), potentially
reducing fire hazards due to fire weather (less heat waves) or
reducing fuel build-up associated with a fuel-limited environment
of semi-desert vegetation (Gauquelin et al., 1998). Between 10 and
8 kyr, the relatively low biomass burning is associated with low
percentages of open ground taxa (Fig. 9d) and with the develop-
ment of evergreen sclerophyllous Mediterranean and temperate
forests (Chabaud et al., 2014), a relatively closed Mediterranean
forest rich in deciduous trees that are not fire-prone species (Fig. 9b
and c). The new increase of biomass burning since 8 ka is associated
with the expansion of open vegetation, mainly marked by the rise
of Ericaceae-dominated shrublands (Fig. 9e) and open ground taxa
and by the reduction of forest elements, i.e. a decrease in Medi-
terranean, temperate and conifer trees and shrubs (Fig. 9a), corre-
sponding to the development of a maquis. Intense fires in Ericaceae
shrublands produce high charcoal concentrations (Blackford,
2000). Ericaceae burning would also explain the relatively low
values of the elongation ratio during this period, as observed in the
Atlantic bioclimatic region at present. Our interpretation of
biomass burning increase since 8 ka is in accordance with present-
day plant and fire ecology. The opening of forests under distur-
bance, including fires, led to the expansion of shrubland/maquis
communities including Ericaceae (Baudena et al., 2020; Le
Houerou, 1973; Morales-Molino et al., 2020; Naughton et al., 2007).

6. Conclusion

Microscopic charcoal particles (between 10 and 125 mm-length)
were analysed in 102 marine core-top sediment samples collected
on the Iberian margin and the Gulf of C�adiz. Microcharcoal con-
centrations and morphologies (elongation) were quantified and
compared to present-day satellite remote sensing fire patch infor-
mation, climate and vegetation data, and physical site-specific
variables on land and in the ocean, in order to better understand
how microcharcoal concentrations represent fire regimes on land.
Results show an increasing trend of microcharcoal concentrations
from the north to the south of the Iberian margin, independent of
the spatial pattern in the number of fires and the burnt areas. The
spatial distribution of microcharcoal concentrations and morphol-
ogies may reflect patterns of fire size, fire radiative power, burnt
vegetation type, climate, and NPP on land. We infer that increases
of microcharcoal concentrations with a large amount of elongated
particles are associated with rare and large summer fires of high
intensity, fuelled during previous winters, spreading into open
(shrub) vegetation under a hot and dry climate. Our results suggest
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that fires in open Mediterranean woodlands in the south of the
Iberian Peninsula produce moremicrocharcoal than fires spreading
in closed temperate forests in the north. No relationship was
observed between the spatial distribution of concentrations and
the physical site-specific variables on land (size of watershed, river
discharges and suspended sediment loads). In the ocean, micro-
charcoal concentrations are highly variable on the continental
shelf, increase along the slope and are low in the abyssal plain. The
application of these results in the interpretation of a Holocene
paleofire record from the Iberian margin, confirmed by the pollen-
based vegetation record obtained from the same sample set, sug-
gests that small and recurrent fires of low intensity were spreading
in closed vegetation between 10e8 ka. In addition, large and rare
fires of high intensity developed since 8 ka, contemporaneous with
the degradation of the Mediterranean forest and the expansion of
open (Ericaceae-dominated shrubland) vegetation.
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