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a b s t r a c t

North Africa features some of the most frequently burnt biomes on Earth, including the semi-arid
grasslands of the Sahel and wetter savannas immediately to the south. Natural fires are fuelled by
rapid biomass production during the wet season, its desiccation during the dry season and ignition by
frequent dry lightning strikes. Today, fire activity decreases markedly both to the north of the Sahel,
where rainfall is extremely low, almost eliminating biomass over the Sahara, and to the south where
forest biomes are too wet to burn. Over the last glacial cycle, rainfall and vegetation cover over northern
Africa varied dramatically in response to gradual astronomically-forced insolation change, changes in
atmospheric carbon dioxide levels, and abrupt cooling events over the North Atlantic Ocean associated
with the reorganisation of Meridional Overturning Circulation (MOC). Here we report the results of a
study into the impact of these climate changes on fire activity in northern African over the last 50,000
years (50 kyr). Our reconstructions come from marine sediments with strong age control that provide an
uninterrupted record of charcoal particles exported from the African continent. We studied three sites on
a latitudinal transect along the northwest African margin between 21 and 9�N. Our sites exhibit a distinct
latitudinal relationship between past changes in rainfall and fire activity. At the southernmost site
(GeoB9528-3, 9�N), fire activity decreased during intervals of increasing humidity, while our northern-
most site (ODP Site 658, 21�N) clearly demonstrates the opposite relationship. The site in the middle of
our transect, offshore of the present day southern Sahel today (GeoB9508-5, 15�N), exhibits a “Goldi-
locks” relationship between fire activity and hydroclimate, wherein charcoal fluxes peak under inter-
mediate rainfall climate conditions and are supressed by transition to more arid or more humid
conditions. Our results are remarkably consistent with the predictions of the intermediate fire-
productivity hypothesis developed in conceptual macroecological models and supported by empirical
evidence of modern day fire activity. Feedback processes operating between fire, climate and vegetation
are undoubtedly complex but temperature is suggested to be the main driver of temporal change in fire
activity globally, with the precipitation-evaporation balance perhaps a secondary influence in the Ho-
locene tropics. However, there is only sparse coverage of Africa in the composite records upon which
those interpretations are based. We conclude that hydroclimate (not temperature) exerted the dominant
control on burning in the tropics of northern Africa well before the Holocene (from at least 50 ka).
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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1. Introduction

Fire has long been recognized as a major driver of ecological
change over both observational and geological time scales. It plays a
role in both the global carbon cycle and the release and redistri-
bution of nutrients (Archibald et al., 2018). In savannas, fires control
the structure of ecosystems by favouring flammable grasses and
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grazing herbivores over trees and browsing herbivores (Archibald
and Hempson, 2016). Consequently, fire is largely responsible for
the maintenance of wetter savanna biomes, which would transition
into forest without regular disturbance (Accatino et al., 2010;
Beckage et al., 2009; Bond et al., 2005; Sankaran et al., 2005; Staver
et al., 2011b). Fires also shape ecosystems over geological time-
scales, for example, by acting as a positive feedback on the
expansion of the C4 savanna ecosystem since the Late Miocene
(Beerling and Osborne, 2006; Bond et al., 2003; Hoetzel et al., 2013;
Keeley and Rundel, 2005; Osborne and Beerling, 2006).

Ecosystem flammability is determined by a complex interplay of
climatological and ecological factors that influence the amount of
biomass available to burn (i.e. fuel load) and its moisture content
(i.e. ignitability and spreadability) (Pausas et al., 2017; Simpson
et al., 2016). Natural fires in the Sahel are fuelled by rapid
biomass production during the wet season, its desiccation during
the dry season and ignition by frequent dry lightning strikes. The
rapid regenerative capacity and high water- and nitrogen-use ef-
ficiencies of grasses, which typically use the C4 photosynthetic
pathway in low latitude savannas, allow the generation of copious
highly flammable fuels that desiccate during the dry season (Ripley
et al., 2010). Woody plants in savannas (commonly C3) typically
have inflammable characteristics such as thick, fire-retardant bark
and produce smaller fuel loads with a higher moisture content
(Pausas et al., 2017). The balance between grassy and woody plants
is strongly affected by the amount and seasonality of precipitation,
which also has a direct influence on the flammability of the biomass
produced (D'Onofrio et al., 2018; Pausas and Ribeiro, 2013).
Increased precipitation generally leads to a greater fuel load.
However, if precipitation levels are too high, periods of dry weather
are not long or regular enough to allow the fuel to properly dry out,
ignition and fire spread are limited by fuel moisture, and tree
growth may be promoted at the expense of grasslands (Sankaran
et al., 2005; Staver et al., 2011b).

Modern fire activity in northern Africa exhibits a very strong
sensitivity to precipitation (Fig. 1). Natural fires in the region peak
around ~15 to 9�N, where biomass production over high-rainfall,
broad-leaf savanna grasslands responds quickly to the wet sea-
son, generating large fuel stocks which are desiccated during the
dry season and ignited by frequent dry lightning strikes (Archibald
and Hempson, 2016). Fire activities decrease to the south where
mean annual precipitation (MAP) is higher (>1000 mm/yr), sup-
pressing fire activity by promoting the growth of more fire-
resistant vegetation and/or reducing the desiccation of biomass,
with increased tree cover in woodlands and mosaics of forest
shading and suppressing the growth of flammable grasses (Giglio
et al., 2006; Sankaran et al., 2005; van der Werf et al., 2006;
White, 1983). The modern threshold for fire suppression occurs at
ca. 40% woody cover, above which high tree canopy covers exclude
fuel-producing grasses (particularly the most flammable), resulting
in small, high moisture-content fuel loads (Archibald et al., 2009;
Cardoso et al., 2018; Hoffmann et al., 2012; Sankaran et al., 2005;
Staver et al., 2011a). Fire activities also decrease to the north of
about 15�N, where MAP is lower (<500 mm/yr) and climatically
maintained dry savannas transition into semi-desert and desert
where fuel accumulation is insufficient to support frequent fires,
vegetation is often discontinuous limiting fire spread, and the
absence of trees reduces ignition frequency (Fig. 1) (e.g. Archibald
and Hempson, 2016; Giglio et al., 2006). Thus, the fire activity
map of northern Africa is strikingly closely related to rainfall dis-
tribution in the region, showing a ‘humped’ relationship with MAP,
biomass and therefore latitude, with peak fire activities occurring
with mean annual precipitation values of about 800e1400 mm/yr
(Archibald and Hempson, 2016; van derWerf et al., 2008 and Fig. 2).

This relationship between fire, precipitation and productivity
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observed in Africa today is encapsulated by the intermediate fire-
productivity hypothesis, developed in conceptual macroecological
models and supported by empirical evidence of modern day fire
activity (e.g. Archibald and Hempson, 2016; Bowman et al., 2014;
Clarke et al., 2020; Krawchuk et al., 2009; Pausas and Ribeiro, 2013;
Whitlock et al., 2010). While these models provide an excellent
description of present day fire-climate relationships, using them to
predict changes in fire activity through time is not straightforward
because they do not explicitly incorporate the complex feedbacks
between climate, vegetation and fire that underpin the fire-
productivity relationship (Bowman et al., 2014; Clarke et al.,
2020). Also, ecosystems of the past (and future) may not be
directly analogous to those of today, at least in part due to human
activities (e.g. Archibald, 2016; H�ely et al., 2014; Watrin et al., 2009;
Whitlock et al., 2010). Therefore, we turn to palaeo records to better
understand how vegetation and fire respond to changes in climate.
Analysis of composite sedimentary records from the Global
Palaeofire Working Group (GPWG) Global Charcoal Database sug-
gests that temperature was quantitatively the most important
predictor of global biomass burning over the last 21 kyrs with the
precipitation-evaporation balance a secondary factor, for example,
in the northern subtropics during the Holocene (Daniau et al.,
2012). Yet Africa, which is home to one of the most frequently
burned biomes on Earth today and experienced major changes in
rainfall during the recent geological past (e.g. deMenocal, 1995;
Mulitza et al., 2008b; Tiedemann et al., 1994; Tierney et al., 2017), is
poorly represented in these composite records, particularly north
of the equator.

Today, rainfall and the precipitation-evaporation balance in
northern Africa are strongly seasonal, with regional jet systems
influencing the annual migrations of the tropical rainbelt, roughly
paralleling the Intertropical Convergence Zone (ITCZ) low pressure
zone which tracks northwards during the boreal summer and
moves equatorwards during the boreal winter (Nicholson, 2009;
Nicholson and Grist, 2003). On centennial to astronomical time-
scales, however, the latitudinal limits of these migrations and
geographical extent of the rainbelt have changed, with major
consequences for African vegetation (e.g. Collins et al., 2013a;
Collins et al., 2011; Dupont, 1993; Larrasoa~na et al., 2013).

Over the last 50 kyrs, Earth's climate underwent marked tem-
poral change in insolation forcing, atmospheric CO2 levels, tem-
perature and land ice volume. On Africa, perhaps the most
prominent biotic impacts were driven by hydroclimate change and
these carried a strong latitudinal imprint (Dupont, 2011). Increases
in boreal summer insolation at low latitudes driven by variability in
Earth's orbit of the Sun, particularly the precession of the equinoxes
on an approximately 20 kyr timescale (with insolation maxima
during precession minima), induced more pronounced seasonal
ITCZ migration to higher latitudes bringing increased rainfall to
much of northern Africa (e.g. Larrasoa~na et al., 2013; Prell and
Kutzbach, 1987). These intervals are known as African Humid Pe-
riods (AHPs) and are exemplified by a large-scale greening of the
Saharan Desert (H�ely et al., 2014; Ritchie et al., 1985; Claussen et al.,
2017). In contrast, widespread cooling of sea surface temperatures
in the North Atlantic Ocean associated with abundant iceberg
calving and the related influx of freshwater to the ocean at high
northern latitudes during the Heinrich (H-) events of the Last
Glacial Period resulted in a marked southward displacement of the
ITCZ over northern Africa and a >1000 km shift of the boundary
between the Saharan Desert and the Sahel towards the equator
(Collins et al., 2013a; Mulitza et al., 2008b).

Herewe report the results of a study of the fire activity response
to these pronounced changes in northern African rainfall climate
over the past 50 kyr. We present reconstructions of charcoal
accumulation for three marine sediment cores at sites located on a



Fig. 1. Our latitudinal transect of study sites: ODP 658 (21�N), GeoB9508-5 (15�N) and GeoB9528-3 (9�N). (A) Fire Activity Index, indicating the average number of fire incidents per
unit area, rescaled onto a global scale of 0e1 (redrawn from Pausas and Ribeiro, 2013) and present day mean annual precipitation contours (from Larrasoa~na et al., 2013). Inset
shows study area marked onto pan-African annual average number of fires estimated by MODIS, with hot colours indicating the highest fire incidences (image from Bowman et al.,
2009; data from Giglio et al., 2006) with area covered in the main figure indicated. (B) Schematic showing the major North African vegetation bands (adapted from Hooghiemstra
and Agwu, 1986; Kuechler et al., 2013) with the modern mean summer and winter latitudinal position of the ITCZ (Yan, 2005). Purple shading indicates 2007e2016 average annual
dust fluxes (in mm m�2 day�1) estimated using Infrared Atmospheric Sounding Interferometer (Yu et al., 2019). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 2. The relationship between mean annual precipitation and the fraction of land
area burned in modern sub-Saharan Africa. Redrawn from Archibald and Hempson
(2016), with approximate latitudes corresponding to the precipitation values today
along the 10�W meridian indicated on the top axis. Data points represent the median
value per 50 mm rainfall band with a loess regression fitted (solid line).
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latitudinal transect along the northwest African margin. We exploit
marine archives because of their proven potential to yield contin-
uous, largely undisturbed, sequences of exported terrestrial mate-
rial with excellent age control, allowing us to examine long,
3

regionally integrated reconstructions of past fire activity on land
(e.g. Bird and Cali, 1998; Daniau et al., 2013; Dupont and Schefub,
2018; Herring, 1985; Hoetzel et al., 2013; Verardo and Ruddiman,
1996).

2. Materials and methods

2.1. Site locations

We studied marine sediments from three sites offshore of
northwestern Africa which form a latitudinal transect spanning the
modern biome transitions from desert, through savanna, into semi-
deciduous forest (Table 1, Fig. 1). All three sites receive windblown
terrigenous material from the African continent due to the influ-
ence of the African Easterly Jet (AEJ) and northeasterly trade winds,
includingmicroscopic charcoal (<1mm), which is lofted into the air
by thermal buoyancy generated during fires (Clark, 1988). South of
17�N, the Senegal and Gambia rivers drain into the Atlantic Ocean
from the African continent depositing terrigenous material onto
the continental margin, with evidence of river activity further north
during past humid periods (Drake et al., 2011; Krastel et al., 2004;
Skonieczny et al., 2015).

2.2. Charcoal counts

Herein we define charcoal as any carbon-rich terrestrially
derived material produced by combustion triggered by either



Table 1
List of marine sediment cores sampled for charcoal in this study.

Site Name Latitude (�N) Longitude (�W) Water depth (m) Reference for age model(s) used

ODP Site 658 (ODP 658) 20�44.950 18�34.850 2263 Meckler et al. (2013)
GeoB9508-5 (GB-08) 15�29.900 17�56.880 2384 Waelbroeck et al. (2019) and Mulitza et al. (2008b)
GeoB9528-3 (GB-28) 9�9.990 17�39.810 3057 Schreuder et al. (2019)
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natural (lightning strikes) or anthropogenic processes. Charcoal
accumulation rates are used to infer fire activity (larger charcoal
fluxes indicate increased fire activity), and have also been proven to
correlate with burned area in certain environments (e.g. Higuera
et al., 2011). Transport and preservation are not inferred to exert
a major control on charcoal fluxes to our sites (see section 3.1).

Slides for charcoal counts were prepared following a modified
palynological method for marine sediments (based upon Eldrett
et al., 2004). Approximately 2e5 g of oven dried bulk sediment
was treated with HCl and HF to remove carbonate and silicate
material respectively. A combination of boiling HCl, ultrasonic
treatment and sieving at 15 m m was used to remove fluoride
compounds and amorphous organic material (AOM) from the
samples and each sample was then spiked with a known dose of
exotic Lycopodium spores (Stockmarr, 1971). We tested whether
ultrasonification could lead to fragmentation of charcoal particles
using a batch of 15 pilot samples and found no effect, hence we
used this step to aid removal of AOM and fluoride compounds.

Mounts of the >15 m m fraction were examined under trans-
Charcoal flux
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�
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h
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�
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�
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Dry bulk density

�
g cm�3

�i

(2)
mitted light. Optical charcoal identification was achieved using an
Olympus BH-2 microscope in conjunction with a freestanding
lamp, using the shape, colour and reflectance characteristics of
particles. For a particle to be classified as charcoal, it was required to
be completely black and fit into one of the following morphological
categories; elongate, splintery perforated, splintery unperforated,
irregular perforated or square/rectangular. High top light and low
bottom light was used to separate charcoal particles from pyrite on
the basis of reflectance level; non- or faintly reflectively particles
were classified as charcoal whilst highly reflectively particles were
classified as pyrite. A selection of representative images of charcoal
particles from Site 658 are shown in Fig. 3.

Concurrent counting of charcoal particles and Lycopodium
spores continued until 500 spores were reached. The ratio of
charcoal particles to Lycopodium spores in the counted fractionwas
used to calculate bulk sediment charcoal concentrations, following
equation (1). Repeat tests on reprocessed and recounted samples
show that our charcoal concentration values have a mean error of
ca. ±7%.
Charcoal concentration
�
g�1

�
¼
h

Counted charcoal
Counted Lycopodium spores

i
� total Lyco

Dry sediment mass
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Fluxes were estimated using the sedimentation rates calculated
from the age model for each site, following equation (2). Dry bulk
densities at Site 658 are calculated from gamma-ray attenuation
bulk density measurements (Ruddiman et al., 1989), while sedi-
ment density is derived from electrical resistivity measurements at
GB-08 (Mulitza et al., 2008a), with sediment water content cor-
rected for at both sites. At GB-28, sediment dry bulk densities are
from Schreuder et al. (2019). Flux estimates based on sedimenta-
tion rates can be influenced by rapid changes in depositional flux
(due to processes such as carbonate dissolution, sediment focus-
sing/winnowing etc.) that occur between age tie-points. However,
comparison with flux estimates calculated from 230Thxs measure-
ments at ODP 658 (Adkins et al., 2006; Kinsley et al., 2022) indicates
that unresolved sedimetation rate fluctuations are not a major
control on our charcoal flux reconstructions at this site (see Sup-
plementary Information).
2.3. Total organic carbon (% TOC)

A 1 g split of bulk sediment was freeze-dried, ground to fine
powder using an agate pestle and mortar and decarbonated over-
night in 10% HCl to remove inorganic carbon (in the form of car-
bonate). The decarbonated residue was then neutralised, oven
dried at 50 �C, homogenized and re-weighed to calculate the mass
loss of inorganic carbon in the form of carbonate. Approximately
10 mg of dried, decarbonated residue was weighed and sealed into
tin capsules for analysis of nitrogen (%N) and organic carbon con-
tents (%Corg) using an Elementar Vario Isotope Select Elemental
Analyser at the University of Southampton's Waterfront Campus.
These data were calibrated using standards of L-glutamic acid and
peat soil (standard deviation values of 0.19% and 0.16%, respec-
tively). The percentage Total Organic Carbon (%TOC) in bulk sedi-
ment was then calculated by adjusting for the mass lost during
decarbonation.
podium spores added

ðgÞ (1)



Fig. 3. Representative charcoal particles from ODP Site 658. A) Charcoal particles viewed in transmitted light, with the black scale bar indicating 20 mm. B) Charcoal particles viewed
in reflected light. C) Typical views of the processed samples in reflected light, with magnifications stated in the bottom right corners.
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2.4. Stratigraphy

Data from ODP 658 are presented on the age model of Meckler
et al. (2013), which was produced by first tuning d18Obenthic data
fromODP 658 on a composite depth scale to the LR04 stack (Lisiecki
and Raymo, 2005) using the AnalySeries software package (Paillard
et al., 1996). Ages were refined by matching XRF-derived Ca from
Hole 658A to %CaCO3 in radiocarbon-dated Hole 658C (deMenocal
et al., 2000) and tuning ln[Zr/Al] data (a proxy for grain size) from
ODP 658 to the grain size-based humidity index from nearby core
GeoB7920-2 (Meckler et al., 2013; Tjallingii et al., 2008). Published
data from 658C are plotted on the agemodel of Kinsley et al. (2022).

GB-08 data are plotted on the age model of Waelbroeck et al.
(2019), which is based on recalibration of radiocarbon dates of
mixed planktonic foraminifera with an age-depth modelling
routine accounting for uncertainties in both age and depth. Addi-
tional age constraint in the oldest part of the record is provided by
correlation of benthic oxygen isotope data fromGB-08 to the record
from Iberian Margin site MD95-2042 (Mulitza et al., 2008b;
Shackleton et al., 2004).

Data from site GB-28 are plotted on the age model of Schreuder
et al. (2019), which is based on correlation of benthic oxygen
isotope data to the deep North Atlantic and global benthic oxygen
stacks (Lisiecki and Raymo, 2005; Lisiecki and Stern, 2016), with
down core uncertainty modelled using the R script BACON (Blaauw
and Christen, 2011).
3. Results and discussion

3.1. Charcoal transport and preservation

The flux of charcoal calculated from preserved fragments in
marine sediments does not simply record the rate of charcoal
production on the nearby continent. Instead, the efficiency by
which particles are transported to our sites and the degree to which
charcoal particles are preserved both have the potential to influ-
ence charcoal concentrations in sediment. Here we consider the
5

degree to which these processes may have influenced the charcoal
fluxes presented in this study.
3.1.1. Preservation
Charcoal is widely considered to be highly refractory and

resistant to degradation (e.g. Goldberg, 1985). Yet, multiple studies
suggest that large amounts of charcoal and other forms of black
carbonmay be oxidised under the correct conditions (e.g. Bird et al.,
1999; Masiello, 2004). Most organic matter found in marine sedi-
ments is much less refractory than charcoal, therefore TOC values
close to zero are required for charcoal to be removed from marine
sediments by oxidation. We find no statistically significant rela-
tionship between the concentrations of organic carbon and char-
coal at ODP 658 (Pearson's correlation co-efficient ¼ 0.15, p-
value ¼ 0.475, in agreement with the results of robust regression
analysis which shows that it is not possible to conclusively identify
either positive or negative correlation between the two variables,
Fig. 4). This result suggests that preservation is not a major influ-
ence on charcoal flux variability. We therefore find that the
observed changes in charcoal flux accurately represent charcoal
accumulation in the sediments.
3.1.2. Transport
Charcoal and lithogenic material can be transported from the

continents tomarine sediments either by rivers or bywind, and can
be transported within the ocean by currents. Grain-size based re-
constructions suggest that the lithogenic component of marine
sediments very close to ODP 658 varies from ~90% aeolian to ~90%
riverine origin during the last 50 kyr (Tjallingii et al., 2008), and
geochemistry-based estimates of the proportion of dust in litho-
genic material are 1e88% and 1e30% at GB-08 and GB-28 respec-
tively (Collins et al., 2013a). If either winds or rivers were much
more effective at transporting charcoal than the other, changes in
the proportion of riverine and aeolian material deposited offshore
would create variability in charcoal fluxes recorded at our sites,
even if fire activity remained constant. Yet, while the highest
charcoal fluxes to ODP 658 are generally recorded during wet
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periods (Fig. 5) when river discharge has been documented from
geologically ephemeral rivers on the North West African Margin
(Drake et al., 2011; Skonieczny et al., 2015; Tjallingii et al., 2008),
the relationship between hydroclimate and charcoal flux is very
different at the other two sites further south, where climate is more
humid and river systems are more extensive (Figs. 6 and 7). These
contrasting site-to-site relationships between charcoal accumula-
tion rates and changes in rainfall climate over the last 50 kyr show
that any differences in efficiency of transport by rivers and winds
are not a main factor driving charcoal variability at our sites.

Another factor to consider is changes in wind strength (partic-
ularly gustiness) (McGee et al., 2013; Tiedemann et al., 1994). There
have been major fluctuations in wind strength through the last 50
kyr (McGee et al., 2013; Skonieczny et al., 2019) which impact the
capacity of wind to transport charcoal particles offshore, although
the position of the African Easterly Jet is suggested to have
remained broadly stable (Grousset et al., 1998; Hooghiemstra et al.,
2006). Yet a transect of records of dust export along the NWAfrican
margin broadly show the same trends through the last 20 kyr with
highest fluxes during Heinrich Stadial 1 and the Younger Dryas and
lowest fluxes during African Humid Period 1 (McGee et al., 2013).
Therefore, because we record very different temporal variability in
charcoal flux at our three sites, we conclude that changes in wind
strength are not the main factor driving charcoal variability. This
conclusion is emphasised by the different relationship between
charcoal and dust accumulation at each site (see section 3.2).

3.2. Variability in northern African fire activity over the past 50 kyr

Our records of charcoal flux along the northwest African margin
at 21�N (ODP 658), 15�N (GB-08) and 9�N (GB-28) reveal strong
latitudinal variability in fire activity in response to both astro-
nomically paced and millennial-scale climatic events over the last
50 kyrs. In Figs. 5e7, we compare our records to reconstructions of
hydroclimate and dust fluxes to better understand the relationship
between climate and fire activity.

3.2.1. The Last Glacial Maximum and Holocene
The climate of the Last Glacial Maximum (LGM, ca. 26.5e19 ka)

was marked in Northern Africa by high dust fluxes, attributed to
both increased aridity and high wind speeds, reconstructed at all
three of our study sites (Figs. 5e7) (Adkins et al., 2006; Collins et al.,
2013a; Kinsley et al., 2022; McGee et al., 2013; Straub et al., 2013)
and supported by high dD values of plant waxes along the
Fig. 4. Cross plot of charcoal concentration plotted against % total organic carbon (TOC)
for ODP 658 samples. Green crosses indicate Holocene samples, black plusses indicate
glacial-aged samples. Grey dashed line and shaded area indicate results of robust
regression using the Huber weighting function. (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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northwest African margin (Niedermeyer et al., 2010; Tierney et al.,
2017). In contrast, during the early Holocene, conditionsweremuch
wetter with a greening of the Sahara (e.g. Ritchie et al., 1985;
Watrin et al., 2009; Claussen et al., 2017) and abundant lakes and
rivers due to the higher latitudes attained by the major rainbelt
during summer because of increased solar insolation (e.g. Damnati,
2000; deMenocal et al., 2000; Drake et al., 2011; Dupont and
Schefub, 2018; Tierney et al., 2017). This interval is known as the
African Humid Period 1 (AHP1) and is clearly expressed by reduced
proportions of dust in the sediments of all three studied sites (as
indicated by both geochemical ratios (Collins et al., 2013b; Straub
et al., 2013) and 230Th-normalised sediment fluxes (Adkins et al.,
2006; Bouimetarhan et al., 2012), and also by low deuterium iso-
topic signatures of plant waxes (Dupont and Schefub, 2018;
Niedermeyer et al., 2010). Pollen reconstructions suggest that
vegetation assemblages that developed between 19 and 29�N
during AHP1 had nomodern analogue, with coexisting savanna and
tropical taxa (H�ely et al., 2014; L�ezine, 2009; Watrin et al., 2009).

The most northerly site, ODP 658 records a trend of decreasing
charcoal fluxes as glacial conditions intensified, with charcoal
fluxes close to minimum during the LGM (Fig. 5). One possible
hypothesis for the observed decrease in charcoal fluxes approach-
ing the LGM is a decrease in wind strength (Kinsley et al., 2022),
although at ODP 658, there is no clear trend in dust fluxes which
matches the decrease in charcoal fluxes from ca. 50e20 ka. An
alternative hypothesis for the decrease in charcoal flux is a reduc-
tion in fuel load available to burn attributable to increasing glacial
aridity, likely akin to present day locations experiencing less than
ca. 800e1000 mm/yr MAP (Archibald and Hempson, 2016; Pausas
and Ribeiro, 2013; van der Werf et al., 2008). Biome re-
constructions for the LGM suggest that the Saharan Desert
expanded southwards to 12�N, displacing the grassy savanna
(Collins et al., 2013a; Dupont, 2011; Hoogakker et al., 2016) and
reducing both the total biomass of vegetation and the area of land
susceptible to burning. The degree of aridity at the LGM is currently
debated (e.g. Gasse, 2000; McGee et al., 2013; Niedermeyer et al.,
2010; Scheff et al., 2017; Shanahan et al., 2016), however, the in-
crease in ln[Zr/Al] values at ODP 658 towards the LGM supports an
aridification trend (Fig. 5).

Following the LGM, there is an increase in charcoal fluxes into
the Holocene at ODP 658, a result also seen further north in
Morocco (Reddad et al., 2013; Tabel et al., 2016). We interpret this
signal to result from a more humid climate (indicated by low dD
and ln[Zr/Al] values, Fig. 5) permitting the spread of flammable
plant material into previously desert regions. Evidence of a
migration of a diverse woody savanna biome into the desert region
is provided by increased proportions of Cyperaceae and Poaceae
pollen at and around ODP 658 (Dupont, 2011; Dupont and Schefub,
2018), with a northward shift in the reconstructed Sahara-Sahel
boundary position to ~20�N (Collins et al., 2013a), very close to
the latitude of ODP 658 (Fig. 8). There is also evidence of increased
winter rainfall linked to an intensification and southward shift of
Mediterranean storm tracks in the northernmost part of Africa
(Blanchet et al., 2021; Cheddadi et al., 2021). Estimates of annual
rainfall values around the latitude of ODP 658 range from ca.
350e1200 mm/yr during AHP1 (Larrasoa~na et al., 2013; Tierney
et al., 2017). Precipitation minus evaporation has been suggested
as a more important control on fire activity than absolute precipi-
tation (Daniau et al., 2012), however, distinguishing between these
potential drivers is difficult from the existing proxy reconstructions
(e.g. Collins et al., 2013b; Govin et al., 2012; Smith and Freeman,
2006; White and Blum, 1995). Increased seasonality of precipita-
tion and/or an increase in ignition frequency due to increased storm
activity could also have contributed to elevated fire activities, with
increased biomass production during the wet season followed by



Fig. 5. Hydroclimate reconstructions and charcoal fluxes at the northern end of our transect. Data are from ODP 658 and nearby site GeoB7920-2. a) Hydrogen isotope ratio of C31 n-
alkanes at GeoB7920-2 (20� 450 N, 18� 350 W) with error bars of 1 standard deviation plotted (blue, Dupont and Schefub, 2018). Lower values are interpreted as representing more
humid conditions. b) ln[Zr/Al] values of bulk sediment at ODP 658 obtained by X-ray fluorescence core scanning (light green, Meckler et al., 2013). Dark green line indicates 5-point
running mean. High values are interpreted as indicating a high proportion of coarse-grained dust in the sediment. c) Terrigenous (light purple) and dust (dark purple) fluxes to ODP
658C estimated using 230Th-normalisation and grain size distributions, with error bars of 1 standard deviation plotted (Adkins et al., 2006; Kinsley et al., 2022). d) Flux of
microscopic charcoal particles to ODP 658 (red, this study). Green vertical bar indicates African Humid Period 1 (AHP1), yellow vertical bars mark approximate ages of stadials
associated with Heinrich events 1e5 (HS1-HS5) and the Younger Dryas (YD). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 6. Hydroclimate reconstructions and plant wax and charcoal fluxes to our central site. All data are from GB-08. a) Hydrogen isotope ratio of C31 n-alkanes with error bars of 1
standard deviation plotted (blue, Niedermeyer et al., 2010). b) Rain rate (purple) estimated using 230Th-normalisation (Bouimetarhan et al., 2012; Lippold et al., 2012) c) Dust % (as a
proportion of the lithogenic fraction) estimated from major element composition (grey, Collins et al., 2013a) . Dust fluxes (black) calculated from dust % values, Ca concentrations
(Zabel, 2010), dry bulk densities and sedimentation rates. d) Total flux of C27eC34 n-alkanes (dark green, Niedermeyer et al., 2010) and ratio of concentrations of charcoal to C27eC34

n-alkanes (light green). e) Flux of microscopic charcoal particles to GB-08 (red, this study). (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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Fig. 7. Hydroclimate reconstructions and plant wax and charcoal fluxes to our southernmost site. All data are from GB-28. a) Dust % (as a proportion of the lithogenic fraction)
estimated from major element composition (grey, Collins et al., 2013a). Dust fluxes (black) estimated from dust % values, Ca concentrations (Collins et al., 2013a), dry bulk densities
and sedimentation rates. b) Total flux of C29eC33 n-alkanes (dark green, Schreuder et al., 2019) and ratio of concentrations of charcoal to C29eC33 n-alkanes (light green). c) Flux of
microscopic charcoal particles to GB-28 (red, this study). (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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desiccation during the dry season resulting in large fuel loads (Bond
and Keeley, 2005; Gill, 1975). Both data and model-based re-
constructions of climate suggest that there may have been
increased seasonality of precipitation in the mid-Holocene, but
limited data coverage and difficulty in reproducing AHP precipita-
tion in most climate models currently leads to some uncertainty in
this result (Brierley et al., 2020; H�ely et al., 2014; Hopcroft et al.,
2017; Pausata et al., 2016; Perez-Sanz et al., 2014; Peyron et al.,
2006).

Fire activity at site GB-28 shows quite different behaviour to
ODP 658 (Fig. 7). Higher charcoal fluxes during glacial conditions
(50e18 ka) than the Holocene can clearly be seen despite the lower
temporal resolution of the data from this site. Similarly high fire
activities under glacial conditions have been recorded at low lati-
tude sites RC27-04 in the eastern equatorial Atlantic (Verardo and
Ruddiman, 1996), Lake Challa on the Kenya-Tanzania border
(Nelson et al., 2012) and Lake Bosumtwi in Ghana (Shanahan et al.,
2016). Pollen data from sediment cores close to GB-28 record high
grass percentages under glacial conditions, with the total palyno-
logical assemblage interpreted as recording a southward expansion
of C4 savannas (including grass-rich dry open woodland) and a
reduction in tropical rainforest extent (Casta~neda et al., 2009;
Collins et al., 2011; Dupont and Agwu, 1992; L�ezine and Casanova,
1991). Modern savanna ecosystems are characterised by higher
fire activities than the tropical rainforests (van der Werf et al.,
2008). We suggest that a southwards (relative to modern) expan-
sion of flammable savanna grasslands, likely supported by
increased drying of fuel sources under more arid conditions, is
responsible for the higher glacial charcoal fluxes at our southern-
most site, GB-28. Strengthened glacial winds may have also aided
charcoal transport to site GB-28 during the late glacial period
(Bradtmiller et al., 2016; McGee et al., 2013), but were unlikely to be
the main controlling factor on charcoal fluxes because of the
response to peak glacial conditions observed further north (lower
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charcoal fluxes than during the Holocene) and elevated charcoal to
n-alkane ratios (both of which are likely transported by similar
mechanisms) recorded at GB-28 during the glacial period (Fig. 7).

Transitioning into the Holocene, GB-28 shows a striking decline
in charcoal fluxes (Fig. 8). This is in contrast to the high fire activ-
ities recorded today at this latitude (9�N; Fig. 1) (Archibald et al.,
2013; Giglio et al., 2006), with local vegetation consisting of a
mosaic of tropical grasslands, shrublands and broadleaf forests
(Olson et al., 2001). Modern precipitation values in this region vary
from approximately 1000 mm/yr (inland) to >2500 mm/yr (coastal
regions), spanning the range associatedwith a peak burned fraction
of vegetation to an environment with very limited burning
(Archibald and Hempson, 2016, Fig. 2). Both savanna and forests are
stable biomes within this precipitation range, with fire acting to
differentiate between the two (Staver et al., 2011b). We therefore
suggest that fire activity at these latitudes became suppressed
during AHP1 with rainfall likely exceeding the modern threshold
abovewhich outright suppression is observed (ca.1500e2000mm/
yr), or a “too-wet to burn” scenario (Archibald and Hempson, 2016;
Staver et al., 2011a; van der Werf et al., 2008). Increased precipi-
tation would have supported a higher proportion of C3 woody
plants, as observed in both the pollen and n-alkane d13C records
(Casta~neda et al., 2009; Dupont, 2011). Charcoal flux data to assess
mid-versus late Holocene burning are not available, but an increase
in the flux of the fire biomarker levoglucosan (Schreuder et al.,
2019) suggests that fire activity increased towards modern levels
in the late Holocene associated with the termination of the AHP
(Supplementary Fig. 2).

Site GB-08, located in between ODP 658 and GB-28, shows a
different trend in charcoal fluxes over the past 50 kyr to that shown
at either of the other two sites. During the last glacial period,
charcoal fluxes decreased towards low values at the LGM, following
a similar trend to that documented at ODP 658. We infer a driving
mechanism common to both sites, namely the southward



Fig. 8. Comparison of fire and vegetation changes along the Northwest African Margin Transect to global climate records. Data from ODP 658 and nearby site GeoB7920-2 shown in
red, GB-08 in green and GB-28 in blue. a) Atmospheric pCO2 from a composite Antarctic ice core record (Bereiter et al., 2015 and references therein). b) Mean boreal summer
insolation (June-August) at 65�N given by the La2004 orbital solution (Laskar et al., 2004). c) d13C signatures of plant waxes (C31 n-alkanes) from GeoB7920-2 (red, Dupont and
Schefuß, 2018), GB-08 (green, Niedermeyer et al., 2010) and GB-28 (blue, Casta~neda et al., 2009). Error bars indicate 1 standard deviation. d) Charcoal flux at ODP 658 (red),
GB-08 (green) and GB-28 (blue) (this study). Note logarithmic scale on y-axis. e) Reconstructed latitude of the Sahara-Sahel boundary (five-point running average) based upon
major element compositions of marine sediment, with 68% confidence interval plotted (Collins et al., 2013a). Horizontal lines mark the latitudes of ODP 658 (red), GB-08 (green) and
GB-28 (blue). f) Sea surface temperature reconstructions from ODP 658 (red, alkenone-derived, Zhao et al., 1995), GB-08 (green, from foraminiferal Mg/Ca, Zarriess et al., 2011), GB-
28 (blue, alkenone-derived, Lopes dos Santos et al., 2010). g) Benthic oxygen isotope values from ODP 658 (red, Sarnthein and Tiedemann, 1990), GB-08 (green, Mulitza et al.,
2008b), GB-28 (blue, Casta~neda et al., 2009) and deep North Atlantic stack (black, Lisiecki and Stern, 2016). Values from the three African margin sites have been adjusted
by þ 0.64‰ to correct for species-specific offsets from isotopic equilibrium. High d18O values indicate large global ice volumes and cold bottom water temperature. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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expansion of desert conditions reducing the fuel loads for burning.
This interpretation is supported by low fluxes of plant leaf waxes
(n-alkanes) exported to Site GB-08 during the LGM (Niedermeyer
et al., 2010).

Moving into the Holocene, the charcoal flux profiles of the two
northern sites diverge. At ODP 658, charcoal values aremuch higher
than during the LGM, while fire activity recorded at GB-08 reaches
minimal values in the mid Holocene (Fig. 6), as also observed at
southern site GB-28. This result suggests that the “too wet to burn”
Holocene conditions recorded at GB-28 may have extended north
of ~10�N. Reconstructed rainfall values of ~700e1000 mm/yr MAP
9

at 15�N during AHP1 (Larrasoa~na et al., 2013) are close to the
threshold at which fire activity becomes suppressed in modern day
Africa (Archibald and Hempson, 2016; van der Werf et al., 2008),
with values of >1000 mm/yr MAP occurring south of 15�N and
possibly also at higher latitudes over shorter lived events
(Larrasoa~na et al., 2013; Tierney et al., 2017). Incursions of more
humid-adapted species from wooded grasslands and tropical for-
ests during AHP1 are evidenced to at least 25�N in pollen re-
constructions (Hoelzmann et al., 1998; Watrin et al., 2009), with
pollen records indicating an increase in less flammable sedges
concordant with more negative n-alkane d13C values indicating an



Fig. 9. Cross-plots of charcoal flux (this study) against percentage of total terrigenous content of sediment at GB-28 and GB-08 attributed to dust (left and centre panels) (Collins
et al., 2013a) and ln[Zr/Al] values of bulk sediment (a dust proxy) obtained by X-ray fluorescence core scanning at ODP Site 658 (right panel) (Meckler et al., 2013). High ln[Zr/Al]
values indicate high dust proportions. We use hydroclimate indices based on geochemical ratios of sediment at all three sites because they are less influenced by wind strength
variability than flux reconstructions and continuous, high-resolution records are available at all three sites.
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increase in C3 plants at GB-08, similar to that recorded at GB-28
(Fig. 8, Bouimetarhan et al., 2012; Casta~neda et al., 2009;
Niedermeyer et al., 2010).

The different trends in charcoal fluxes at each of our three sites
highlight the importance of local climate in driving fire activity on
North Africa over the past 50 kyr. Recent work has also highlighted
the importance of pCO2 on glacial-interglacial biome shifts,
particularly the balance between C3 and C4 plants, which indirectly
impacts fire activity (e.g. Bond et al., 2003; Prentice et al., 2017).
Atmospheric carbon dioxide levels of ~180 ppm during the late
glacial period would have suppressed tree growth both in wooded
savannas and at forest-grassland boundaries by decreasing water
use efficiencies and severely slowing woody plant regrowth rates
after fires (Bond and Midgley, 2000, 2012; Polley et al., 1997;
Prentice et al., 2011;Wooller et al., 2000). The southward expansion
of the southern limit of savanna grasslands into previously more
wooded biomes, which is proposed to drive a decrease in fire ac-
tivity through the last deglaciation at the southern end of our
transect, may therefore be a result of both increased aridity and low
glacial pCO2. Similarly, both fire and low pCO2 are proposed to act to
stabilise glacial tropical grasslands in nearby Ghana (Shanahan
et al., 2016).

On a global scale, temperature has been identified as the main
driver of glacial-interglacial trends in fire activity (Daniau et al.,
2012), with elevated Holocene fire activity compared to LGM
burning widely documented (Daniau et al., 2010; Marlon et al.,
2016; Power et al., 2008). However, the differences in charcoal
flux trends at each of our three sites rules out temperature as the
main driver of fire activity in Northern Africa over the past 50 kyr.
Sea surface temperature reconstructions at all three studied sites
show warmer temperatures in the Holocene than the last glacial
period (Lopes dos Santos et al., 2010; Zarriess et al., 2011; Zhao
et al., 1995, Fig. 8). Continental temperature reconstructions are
sparse, but results suggest a similar temperature history across
North Africa (e.g. Bartlein et al., 2011; Tierney et al., 2020). Thus,
cold glacial temperatures, expected to suppress burning (Daniau
et al., 2010), therefore may contribute to the low glacial fire activ-
ities at ODP 658. Studies of modern ecosystems suggest that tem-
perature sensitivity of fire is greatest in the most productive
ecosystems (Pausas and Ribeiro, 2013), however the high glacial fire
activities recorded at low latitude site GB-28 imply that the impact
of hydroclimate change and related biome shifts overwhelmed
temperature effects on North Africa despite the high primary pro-
ductivity at these latitudes today (e.g. Running et al., 2000).
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3.2.2. Millennial-scale variability
During the last glacial interval, the climate of northern Africa

was punctuated by periods of extreme drought associated with
cooling of the North Atlantic Ocean during Heinrich (H-)events (e.g.
Collins et al., 2013a; Mulitza et al., 2008b; Tjallingii et al., 2008).
This cooling led to the Sahara-Sahel boundary shifting ca. 3e4�

southwards from its pre-event position (Collins et al., 2013a;
Mulitza et al., 2008b), a much greater shift than the estimated
global mean southward displacement of the ITCZ position (~0.6�)
(McGee et al., 2014). As a result, precipitation over West Africa was
reduced, accompanied by a strengthening of the African Easterly Jet
(AEJ) (Kinsley et al., 2022; Middleton et al., 2018; Mulitza et al.,
2008b).

At our mid-transect site GB-08 (~15�N), lower charcoal fluxes
are recorded in the intervals of increased dust input associatedwith
Heinrich events measured in the same sediment core (Fig. 6).
However, there appears to be no clear correspondence between
charcoal flux minima and Heinrich events at the most northerly
(ODP 658) and southerly (GB-28) ends of our transect (21�N and
9�N respectively) (Fig. 8). At the northern end of the transect, HS1 is
the only Heinrich stadial clearly expressed in ln[Zr/Al] and shows a
small increase in charcoal flux record above Last Glacial Maximum
values. Variability in charcoal in the rest of the glacial does not
correspond to documented hydroclimate variability in the ln[Zr/Al]
record. H-events are also only weakly expressed in the dust record
at GB-28, and we find no conclusive evidence for a major fire ac-
tivity response in the samples taken at these depths (although data
resolution is low). We also record a peak in charcoal flux at ca. 13 ka
at both ODP 658 and GB-08. These two peaks fall in the later part of
the humid interval associated with the warmth of the Bølling-
Allerød period (high ln[Zr/Al] and low % dust) and the transition to
the drier and more dusty Younger Dryas (Collins et al., 2013a;
Meckler et al., 2013).

We attribute the contrasting sensitivity of fire regime and
aridity during H-events at each of the three sites to their positions
relative to the latitude of the boundary between desert and
grasslands. Reconstructions suggest the Sahara-Sahel boundary
shifted southwards from approximately 16�N to 13�N during H-
events (Collins et al., 2013a; Mulitza et al., 2008b, Fig. 8), with fossil
sand dunes identified as far south as 14�N (e.g. Grove, 1958). Under
these conditions, site GB-08 at 15�Nwould be greatly influenced by
its proximity to the shift from flammable grassland to fuel-limited
desert during H-events, leading to a decline in fire activity. Sites
ODP 658 and GB-28, located at 21�N and 9�N, respectively, are
situated thousands of kilometers from this major vegetation
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boundary migration, where we might expect ecosystem changes
and their effects on fire activity to be much less pronounced. Today,
vegetation coverage is minimal at 21�N with desert at this latitude,
therefore any further intensification of the arid baseline state
would not have caused major biomass shifts at the northern end of
our latitudinal transect. The comparative insensitivity to H-event
climate forcing in the fire regime at the southern end of our tran-
sect is consistent with the lack of a signal in plant wax d13C to
indicate a shift in the relative proportions of C3 and C4 plants (Fig. 8,
Casta~neda et al., 2009).

3.2.3. “Goldilocks” fire activity
Our results reveal a strong latitudinal signal in fire activity

response on Africa to changing climate over the last 50 kyrs. We
attribute this result to a strongly inflected, ‘hump-shaped’ rela-
tionship between fire activity and rainfall, whereby burning is
greatest at intermediate precipitation levels (Fig. 2). Such a rela-
tionship is observed inmodern African ecosystems, where peak fire
activity is documented at intermediate levels of precipitation, with
decreasing fire activity outside a range of 800e1400 mm/yr MAP
(Archibald and Hempson, 2016; Pausas and Ribeiro, 2013; van der
Werf et al., 2008). Our results provide evidence of such a rela-
tionship from the palaeo-record over multi-millennial timescales.

At our southernmost site, GB-28, we report low fire activity at
times for which humid conditions are reconstructed, and high fire
activities at times of aridity (Fig. 7). This positive correlation be-
tween fire activity and aridity has also been observed over a range
of timescales at other near-equatorial localities such as the Niger
Delta (Morley and Richards, 1993), Tropical Atlantic (Verardo and
Ruddiman, 1996), Uganda (Colombaroli et al., 2014), Mount Kenya
(Rucina et al., 2009), Ghana (Shanahan et al., 2016), and northeast
Nigeria, where fire activity is greatest at times of low water levels
(Waller et al., 2007). The increase in fire activity at GB-28 during
drier intervals such as the LGM suggests that conditions at about
9�N were not dry enough at any point during the last 50 kyr to
transition to a situation where fire activity became fuel-limited.

ODP 658, our northernmost site, exhibits the opposite rela-
tionship between fire activity and precipitation to GB-28, with
increased charcoal fluxes broadly occurring at times of enhanced
humidity and very low charcoal fluxes during more arid conditions,
as indicated by high ln[Zr/Al] values (Fig. 5). Decreasing fire activity
with increasing aridity is recorded in arid/semi-arid regions of Af-
rica over a range of timescales, including southern Algeria (L�ecuyer
et al., 2016), Mali (Neumann et al., 2009), Morocco (Reddad et al.,
2013; Tabel et al., 2016), Lake Malawi (Cohen et al., 2007) and
southern Africa (Daniau et al., 2013). In these environments,
increased precipitation generally promoted greater biomass pro-
duction, resulting in a larger fuel stocks and increased fire activity
(van der Werf et al., 2008). In contrast, when precipitation levels
were similar to today (or lower), such as during the LGM, much of
northern Africa became a highly inhospitable environment for all
but the most resilient forms of life (Gasse, 2000; Kuechler et al.,
2013; Swezey, 2001) and fire activity was supressed by low fuel
loads.

GB-08, our mid-transect site, exhibits the most striking rela-
tionship between precipitation and fire activity. Here, charcoal
fluxes are lowered relative to the late Holocene both during the
wettest (AHP1) and driest (H-events) intervals of the last 50 kyr
(Fig. 7), resulting in a humped relationship peaking at intermediate
aridity. This site is situated close to the latitude of the modern
grassy savanna-woody savanna boundary (Fig. 1), and hence is
sensitive to the latitudinal shifts in the Sahara-Sahel boundary
identified through our studied interval (Fig. 8) (Collins et al., 2013a).
Palaeo-precipitation reconstructions estimate MAP values of ca.
1000 mm/yr MAP at 15�N during AHP1 (Larrasoa~na et al., 2013;
11
Tierney et al., 2017), close to values at which modern fire activities
start to decrease with increased precipitation as burning becomes
limited by moisture rather than fuel availability (Archibald and
Hempson, 2016; van der Werf et al., 2008). A similar sensitivity of
fire activity to precipitation is recorded in Lake Naivasha, in
currently fuel-limited semi-arid Kenya, where marked variation in
forest and woodland plants versus grasses over the past 1200 years
shows evidence of fire suppression when climates became sub-
humid (Colombaroli et al., 2014). However, records exhibiting this
“Goldilocks” behaviour between precipitation and fire activity are
rare, and this behaviour has not previously been documented over
multi-millennial timescales on Africa.

The highest charcoal fluxes at GB-08 over the last 50 kyr are
associated with estimated sediment dust percentages of 25e45%
(Fig. 9). Comparable dust percentage values in surface/late Holo-
cene sediments are found approximately 15e20�N (13e22�N at 1s
confidence level) (Collins et al., 2013a), largely to the north of the
main band of fire activity today (~9e15�N). This offset between
modern and palaeo-fire activity may be a result of anthropogenic
impacts modifying the relationship between fire activity, either
directly through changing ignition frequency (Bowman et al., 2011;
Whitlock et al., 2010) and land-use shifts modifying ecosystems
(Gornitz and NASA, 1985) and elevating dust fluxes (Mulitza et al.,
2010) or indirectly through regional climate change (e.g. Kgope
et al., 2010; Park et al., 2016). Alternatively, past vegetation as-
semblages without a modern analogue, such as those identified
during AHP1 (H�ely et al., 2014; Watrin et al., 2009) may have
responded differently to climatic forcing. Variability in pCO2
throughout the last 50 kyr likely also modified the relationship
between precipitation and fire activity through its influence on
vegetation assemblages and biomass (Bond and Midgley, 2012;
Prentice et al., 2011, 2017). An influence of stronger glacial winds
(McGee et al., 2013; Skonieczny et al., 2019) driving increases in
both charcoal fluxes and dust accumulation is also possible, how-
ever transport effects are not a dominant control on charcoal fluxes
at these sites over the last 50 kyr (see section 3.1.2).

3.3. Strong imprint of human activity on palaeo fire activity in
central and western North Africa unlikely

Human activity can act to both increase or suppress fire through
direct impacts such as changing ignition rates and timing, and
indirectly through impacts on land use, ecosystem structure and
fuel loads (Archibald et al., 2012; Bowman et al., 2011; Whitlock
et al., 2010). However, it is generally accepted that an increase in
charcoal fluxes is associated with the onset of anthropogenic
forcing on fire activity (e.g. Power et al., 2008; Thevenon et al.,
2010). Human activity can change the frequency of ignitions but
not the fuel load (except through significant land use modification
e.g. grazing livestock in grasslands) (Archibald et al., 2012). Major
expansion in West African populations and agriculture occurred in
the Late Holocene (Manning and Timpson, 2014; Ozainne et al.,
2014). The timing of the onset of human-controlled fire activity is
debated, with estimates of the timing of humans first developing
the ability to create fire ranging from ca. 1900e200 kyr ago (e.g.
Bowman et al., 2009; Gowlett, 2006; Wrangham et al., 1999).
Regardless, a distinctive human impact on fire regimes in Africa is
considered unlikely before 40e4 kyr ago (Archibald et al., 2012).
Schreuder et al. (2019) invoke human hunting practices to explain a
short-lived increase in the fire biomarker levoglucosan recorded at
GB-28 approximately 55 kyr ago. However, the lack of an increase
in charcoal fluxes in the youngest (Late Holocene) part of our re-
cords and the clear relationship between aridity and fire activity
argues against human activity as the key control on our charcoal
fluxes (although aridity would have likely also influenced human



H.R. Moore, A.J. Crocker, C.M. Belcher et al. Quaternary Science Reviews 288 (2022) 107578
activity (e.g. Sereno et al., 2008)). A lack of human control over the
reconstructed fire activities is supported by multiple records from
East African lakes and the Mediterranean (where early human
populations are much better documented than in northwestern
Africa and modern fire activities are lower) which suggest that fires
triggered by human activity only became dominant over natural
events over the last few millennia or even centuries (e.g.
Colombaroli et al., 2014; Thevenon et al., 2003; Turner et al., 2008),
in agreement with global trends (Marlon et al., 2008). We therefore
consider a major anthropogenic impact on fire activity at our sites
unlikely before the use of fire for large-scale land clearance and
agropastorialism ca. 4000 years ago (Archibald et al., 2012).

4. Conclusions

We report strong latitudinal variation in the response of fire
activity to rainfall climate shifts over the last 50 kyr based on new
records of charcoal flux to three marine sediment cores along the
northwest African margin. At our most northerly site (ODP 658,
21�N), fire activity is highest during more humid intervals of desert
greening such as AHP1, while our most southerly site (GB-28, 9�N)
shows the opposite response, with peak burning at times of aridity
(e.g. the last glacial period). We attribute these different responses
in fire activity between the two sites to different mechanisms
limiting fire activity at each end of the rainfall gradient. At ODP 658,
insolation-driven increases in rainfall promoted the expansion of
flammable grassy savanna into desert regions, increasing both fuel
load and dry-season ignition events. In contrast, increased precip-
itation at southern site GB-28 increased the proportion of woody
plants at the expense of more flammable grass biomass and
increased fuel moisture content, suppressing fire activity. Our mid-
transect site (GB-08, 15�N) lies in the latitudinal band of the
modern Sahel and exhibits reduced burning relative to today dur-
ing both the wettest (e.g. AHP1) and driest (e.g. H1e4) intervals of
the last 50 kyrs, with maxima in fire activity occurring at inter-
mediate humidity levels. GB-08 is located closest to the Sahara-
Sahel boundary, which shifted both northwards and southwards
of the site over the last 50 kyr, resulting in major biome shifts as a
response to both astronomically-paced insolation forcing and
millennial-scale re-organisation of ocean circulation and North
Atlantic surface ocean temperatures. When comparing the fire
activity-dust relationship across the last 50 kyr with that observed
today, peak charcoal fluxes over the last 50 kyr are associated with
higher dust concentrations in marine sediments (implying more
arid conditions) than found today adjacent to the highest fire ac-
tivities. This difference may result from anthropogenic impacts on
burning today, the influence of changing pCO2 and/or non-analogue
past ecosystems responding differently to climatic forcing. Our
records suggest that, in contrast to the global picture, precipitation
is the dominant driver of changes in fire activity on Africa over the
last 50 kyrs through its control over vegetation assemblages and
flammability, resulting in major latitudinal variability in the tem-
poral evolution of biomass burning.
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