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Figure 2: Changes in Na+ (orange) and oxalate concentration (green; ng g-1) averaged from 68 central Greenland 
snow-pit samples, from the surface (June 1995) to 2.7 m (1991). Peaks in Na+ are associated with boreal winters 
as increased cyclogenesis in the North Atlantic deposits greater concentrations of sea salts on the Greenland Ice 
Sheet. Orange bars indicate the position of spring snow accumulation. Figure modified from Barbante et al., 2003.

Conclusion
Glaciers and ice sheets incorporate trac-
ers of biomass burning into their ice lay-
ers resulting in a multitude of paleoen-
vironmental data within a single matrix. 
Molecular markers in ice cores provide 

insight into past fire occurrence, the type 
of material burned and the impacts of hu-
man activity. The global array of ice cores 
supplies high-resolution Quaternary proxy 
records that encompass six continents. The 
study of molecular markers of past fires in 

ice cores is still in its infancy and future 
work should also incorporate studies into 
the stability, durability and degradation 
mechanisms that may affect molecular 
markers under different conditions. Even 
with these caveats, the investigation of 
organic atmospheric tracers is expanding 
the limits of proxy information gleaned 
from ice cores and creates the possibility 
to couple fire activity, climate oscillations 
and human activity.

Data
The data from Figure 1 is available from Roberta 
Zangrandp (Rozangra@unive.it). Data present-
ed in Figure 2 is available from Carlo Barbante 
(Barbante@unive.it).
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Global patterns of biomass burning during the last  
glacial period
Anne-Laure Daniau 
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Sedimentary charcoal records covering the last glacial period provide information on the response of global 
biomass burning to rapid climate changes, such as those occurring during Dansgaard-Oeschger cycles.

The Global Palaeofire Working Group 
(http://www.gpwg.org/) has updated a 
database of over 700 individual sedimen-
tary charcoal records worldwide (GCD_V2: 
Daniau et al., in prep). This database pro-
vides a powerful tool for studying changes 
of biomass burning at global and regional 
scale (Power et al., 2008; Power et al., 
2010). A focused study of fire records cov-
ering the last glacial period (73.5-14.7 ka) 
allows examination of the response of bio-
mass burning to the rapid climate changes 
(within 10-200 years) of large magnitude 

that occurred during Dansgaard-Oesch-
ger (D-O) cycles (Steffensen et al., 2008). 
D-O cycles are characterized in Greenland 
ice-core records by a marked warming fol-
lowed by a cooling. Herein, D-O warming 
events refer to the initial rapid warming 
(Sánchez-Goñi and Harrison, in press), 
Greenland Interstadials (GI) correspond 
with the D-O warm phase followed by the 
initial slow phase of cooling, D-O cooling 
events refer to the precipitous cooling at 
the end of GI, and Greenland Stadials (GS) 
correspond with the final cool phase.

Methodology
Sixty-seven sites (11 marine and 56 terres-
trial; Fig. 1) that have records for some part 
of the last glacial period were extracted 
from the database and used to analyze 
changes in global biomass burning (Dani-
au et al., in press). These records were de-
veloped using a broad range of quantifica-
tion methods and units. For the majority, 
charcoal counts were converted to char-
coal concentration (number of particles 
cm-3 or per g of sediment), charcoal influx 
(number of particles cm-2 a-1) or charcoal 
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Figure 1: Location of marine and terrestrial sites with charcoal records covering all or part of the last glacial period. 
Figure modified from Daniau et al., in press.

Figure 2: Superposed Epoch Analysis (SEA) composites illustrating changes in biomass burning associated with 
D-O warming events (A and B) and D-O cooling events (C and D). The NGRIP δ18O SEA composite record for the 
D-O cycles is shown for comparison. The NGRIP oxygen-isotope data (Wolff et al., in press) were integrated over 
20-a-wide bins (the resolution of the data; blue lines), and over 80-a-wide bins (same resolution as the charcoal 
data, green lines), for comparison with the SEA of the charcoal data. The confidence intervals are given by a 
Monte-Carlo simulation using the timing of the 20 D-O warming events and 19 D-O cooling events. Figure modi-
fied from Daniau et al., in press.

area measurements made directly on pol-
len slides or using image analysis. A few 
records also used chemical assay, such 
as total organic fraction and black car-
bon concentration, or were expressed as 
Charcoal/Pollen ratio and percentage dry 
weight. The data were therefore standard-
ized to facilitate comparisons between 
sites and through time. Original charcoal 
data (abundance or concentration) were 
transformed and rescaled to obtain a com-
mon mean and variance for all sites, and 
detrended to remove orbital timescale 
variability. Superposed Epoch Analysis 
(SEA) was performed on the detrended 
charcoal data to examine the pattern of 
fire around the time of key events, align-
ing the charcoal deviations on the ages of 
the D-O warming and D-O cooling events 
(Fig. 2). When the SEA summary curves fall 
outside a confidence band determined by 
Monte Carlo methods, a significant or sys-
tematic response of the variable to some 
externally determined event is inferred.

Fire and temperature
Figure 2 illustrates SEAs for the NGRIP 
oxygen-isotope data and the global com-
posite-curve of charcoal data. These illus-
trate the nature of the abrupt temperature 
changes and the response of global bio-
mass burning to the abrupt warming at 
the beginning of the GI and the most rapid 
interval of cooling that delimits the begin-
ning of GS. A general increase in charcoal 
levels during warming (Fig. 2a, b) and a 
decrease in charcoal levels during cooling 
(Fig. 2c, d) suggest a strong correlation be-
tween biomass burning and temperature. 
Biomass burning increases rapidly during 
D-O warming events and reaches a peak 
at nearly the same time as temperature. 
In contrast, biomass burning decreases 
significantly at the onset of the GS and 
then returns to “background” levels, even 
though temperatures remain low (Figs. 2c, 
d). The response of biomass burning to the 
warming events is not the simple inverse 
of the response to cooling, suggesting a 
nonlinear relationship between biomass 
burning and climate. The association be-
tween rapid warming and increases in 
biomass burning seen during the glacial 
period has also been observed during the 
last deglaciation at the termination of the 
Younger Dryas chronozone (Marlon et al., 
2009). 

Fire regime and fuel
Changes in charcoal concentration have 
been described from two marine records 
off the European margin and interpreted 
as changes in biomass burning caused by 
variations in fuel availability during D-O 

cycles (Daniau et al., 2007; Daniau et al., 
2009). Recent syntheses of the glacial veg-
etation history of Europe, Japan and ad-
jacent parts of the Asian mainland, North 
America and the tropical regions of South 
America and Africa (Fletcher et al., in press; 
Takahara et al., in press; Jiménez-Moreno 
et al., in press; Hessler et al., in press) sug-
gest that these rapid climate changes had 
an impact on vegetation globally. D-O 
warming events are generally accompa-
nied by shifts from open vegetation to 
forest or increases in tree abundance. The 
similarity of variations in global levels of 
fire and regional vegetation patterns sug-
gest that climate-driven changes in veg-
etation and biomass productivity (fuel) 

determined the level of global biomass 
burning during the last glacial period. 
During D-O warming events and GI, in-
creased productivity led to increased fuel 
availability and promoted fire. Conversely, 
decreased fire in response to rapid cooling 
was a consequence of reduced fuel loads 
from lower productivity. An increase in 
biomass burning during the remaining GS, 
to levels similar to pre-cooling fire regimes 
may be caused by temperature-driven for-
est die-back, which would create condi-
tions for increased fire.

Conclusion and outlook
This effort to synthesize charcoal records 
from the last glacial period allows us to 
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during a period of high millennial-scale 
climate variability. Biomass burning at the 
global scale apparently responded rapidly 
to variations in temperature, as recorded 
in the Greenland ice core. Increases in 
biomass burning were synchronous with 
warming, whereas cooling was accompa-
nied by decreases in burning followed by 
a return of fire to previous levels. Changes 
in vegetation productivity and fuel avail-
ability may explain the inferred variations 
in biomass burning during D-O cycles.

Additional paleofire records are still 
needed to derive statistically robust re-
sults at a regional scale and to better 
examine fire and climate interactions. 
Global biomass burning responds to past 
temperature variations, but we also seek 
to explore the importance of seasonality 
of temperature and precipitation on fire, 
which play a role in shaping the vegeta-

tion (type of biomes, abundance of fuel) 
and the flammability of fuel. We intend 
to extend the database by adding world-
wide long and high-resolution marine and 
terrestrial charcoal records, in particular 
from poorly documented areas of North 
America, Africa and Eurasia. There is a 
great potential for long marine records to 
document regional fire activity where ter-
restrial records are not available. Charac-
terization of the role of temperature and 
precipitation on fire would also benefit 
from the close comparison between fire 
and well-documented high-resolution 
changes in vegetation during D-O climate 
shifts, for example, in Europe where these 
rapid changes led to an alternation be-
tween open and forested biomes.

Data
The data presented herein will be available in 
the version 2 of the Global Charcoal Database 
when it is released (see http://www.gpwg.org/).
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Multi-proxy sedimentary charcoal records show that, despite evidence of early human-induced fire, the 
regional-scale switch from climate-regulated to human-dominated biomass burning occurred only between 
4 and 2 ka in the Mediterranean region, coinciding with a late-Holocene expansion of fire-adapted ecosystems.

Wildfires in Mediterranean countries are 
a regular agent of disturbance for eco-
systems and are generally attributed to a 
combination of extreme summer drought, 
strong winds and heat-waves along with 
accidental—or sometimes deliberate—
ignition by human hands (e.g., Pausas, 
2004). While these factors are certainly 
among the contemporary causes, the ulti-
mate causes operating over multi-decadal 
and longer timescales are far from fully 
understood. What does the past tell us 
about the respective roles of climate and 
human actions in determining long-term 
Mediterranean fire regimes? Compared 
with other Mediterranean-like ecosystems 
in the world (e.g., chaparral in California), 
the Mediterranean basin has experienced 
a long history of human occupation, with 
human fire use recorded as far back as 0.8 
Ma in eastern Mediterranean regions (Alp-
erson-Afil, 2008). The spread of agriculture 
in the Mediterranean started more than 
11 ka ago and Neolithic populations were 
present in the whole region from ca. 7 cal 
ka BP (Bocquet-Appel et al., 2009). Thus, 
disentangling climate and human causes 
is often difficult in the Mediterranean area 
because these drivers may operate syner-

gistically. Well-dated sedimentary archives 
help us to understand when fire regimes 
switched from being climate- to human-
dominated across the region. In recent 
years, multi-proxy studies and regional- to 
global-reconstructions of biomass burn-
ing have greatly improved our knowledge 
about fire-climate-human interactions in 
the past. Here we discuss how Holocene 
fire-ecosystem-climate-human linkages 
can be inferred from paleoecological stud-
ies in the Mediterranean area.

Fire-vegetation-climate 
relationships
Recent charcoal-based studies from well-
dated lake sediments show that fire fre-
quency in the Mediterranean region var-
ied significantly throughout the last 11.6 
ka (Holocene). Fire has played a contrast-
ing role in the history of circum-Mediter-
ranean landscape ecosystems; sometimes 
positive (e.g., increasing biodiversity) and 
at other times negatively affecting eco-
systems (e.g., disrupting forest stands; 
Vannière et al., 2008). For instance, paleo-
ecological records show that late-summer 
grassland burning delayed the early post-
glacial re-advance of woodland across in-

terior areas of southwest Asia by up to 3 ka 
(Turner et al., 2010). In Sicily (Gorgo Basso; 
Fig. 1A), higher fire frequency before 8 cal 
ka BP probably restricted broadleaved ev-
ergreen stands (Tinner et al., 2009). Simi-
larly, and in contrast to commonly held 
ecological assumptions, high-resolution 
pollen and charcoal time series from dif-
ferent sites in the central Mediterranean 
show that evergreen forest ecosystems 
(e.g., with Quercus ilex) were disadvan-
taged or even irretrievably destroyed by 
fire (Colombaroli et al., 2009; Fig. 1B). Thus, 
increasing drought and/or fire activity in 
the future could strongly endanger relict 
stands of Q. ilex in southern parts of the 
Mediterranean region and favor the ex-
pansion of drought-adapted maquis veg-
etation.

Multi-proxy approaches have pro-
vided additional insights. For example, 
Turner et al. (2008) compared proxies for 
fire activity (microscopic charcoal data, 
particles <180 µm in diameter), land use 
and vegetation (pollen data) and climate 
(oxygen isotope data) from Eski Acıgöl cra-
ter record (Central Turkey; Fig. 2A). Land-
scape burning coincided with periods of 
wetter climate at centennial- to millennial-


