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Paleofire research is the study of past fire regimes using a suite of proxies (frequency, area burned,
severity, intensity, etc.). Charcoal preserved in sedimentary archives constitutes one of the most
ubiquitous measures of past fire regimes along with fire-scarred tree rings, chemical markers
of fire, and black carbon residue [1,2]. The quantity of charcoal accumulating in sediments
over time reflects changes in biomass burned and captures the range of its variability across
multiple time scales (e.g., decadal to millennial [3]). The Global Paleofire Working Group Phase 2
(GPWG2; http://pastglobalchanges.org/ini/wg/gpwg2/intro) is a team of scientists interested in
reconstructing past fire regimes in diverse environments. This paper provides a brief introduction to
the evolution of charcoal-based paleofire science as a discipline and presents the outcome of the recent
workshop organized by the GPWG2 in Montreal (October 2017), focusing on applications of paleofire
knowledge to the management of a range of ecosystem challenges.

The palynologist Iversen [4] was the first to study charcoal-based fire signals, on pollen slides, as
a proxy for environmental change. But it was decades later, in the late 1960s and the 1970s, with the
pioneering work of Waddington [5], Simmons [6], and Mehringer et al. [7], that Iversen’s approach
became adopted by others. Charcoal-based paleofire research really emerged as a discipline during the
1990s, with an increasing number of publications (~20 paper year−1, Figure 1b), with the publication
of seminal papers [3,8–11], as well as an incremental growth in the diversity of journals where
charcoal-based paleofire research was being published (Figure 1b). Since 2005, however, charcoal-based
paleofire science accelerated as a discipline, demonstrated by a sharp rise in the number of publications,
indicating that the target audience of paleofire studies was expanding in scope (Figure 1b).

Interestingly, since 1990, there has been a trend toward increasing multi-disciplinary applications
of charcoal-based paleofire sciences (Figure 1a). Indeed, the long-term perspective afforded by paleofire
research is appealing to a range of socio-environmental research, as it enables the study of the dynamic
interplay among fire, vegetation, land-use, land-cover, and climate changes across multiple spatial
and temporal scales that are mostly inaccessible with other types of proxy data [12]. A paleofire
perspective provides a unique understanding of ecosystem functioning, because ecological processes,
like large infrequent fires (i.e., a discrete disturbance event), require a multi-centennial time scale to be
fully appreciated.
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Figure 1. Meta-analysis of published scientific articles (n = 960) containing the terms “paleo *”
and “charcoal” from the Thompson ISI Web database between 1980 and 2016. (a) Number of
published articles by year and corresponding ISI web journal categories. (b) Diversity of the journals
publishing articles with the keywords “paleo *” and “charcoal” assessed using rarefied journal richness
(Birks & Line, 1992) [13]. For each year under analysis, the rarefied journal richness was computed
with constant annual publication sums of 20, 30, and 40 articles; i.e., journal diversity was standardized
in order to take into account publication volume growth during the studied period.

During the last decade, a significant increase in the number of charcoal-based paleofire
publications (Figure 1a) has substantially improved our understanding of (1) key drivers for different
fire-climate conditions [14], (2) anthropogenic fire regime alteration [15], and (3) new perspectives on
long-term fire ecology paradigms [16]. Moreover, charcoal-based paleofire science has evolved recently
toward improved information about other fire-regime parameters, including the possibility to explore
area burned [17], fire severity metrics [18], and fuel types [19].

Today, charcoal-based paleofire science has reached a critical point in its evolution; in order
to increase the relevance and application of this body of knowledge, notably by stakeholders and
non-fire-science specialists, there is an increasing need to expand the access and utility of paleofire
data. New avenues for research have been identified for data-model fusion [20], and for disseminating
research to ecosystem managers, practitioners, and policy-makers regarding fire management [21]
and fire risk mitigation [22]. Indeed, the information derived from paleofire studies can be used by
landscape managers aiming to preserve and sustain biodiversity under threat by accelerating rates of
climate change [23]. Furthermore, the lack of knowledge on current ecosystems resilience and their
natural variability, including the role of anthropogenic legacies, often leads to a misunderstanding of
realistic targets and an appropriate choice of baseline conditions [24]. Thus, the time scale covered by
paleo-data represent an opportunity to provide insights about the long-term ecological functioning of
ecosystems [25]. However, while there is an increasing number of trans-disciplinary conceptual
papers emphasizing the interest of long-term data for ecosystem management and biodiversity
conservation [26], there are actually very few studies that have done so in practice [27].
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The recent workshop of the GPWG2 in Montreal was specifically dedicated to “the application of
paleofire knowledge to current and future ecosystem management” and identified several potential
paths forward. Prior to this workshop, each participant was asked to reach out to ecosystem manager(s),
environmental policy maker(s), and/or conservation practitioner(s), with a short survey about their
interest in scientific data, in particular paleofire information, in relation to their work. While most
survey participants were potentially interested in this information, few were aware of the existence of
such data and were uncertain about their applicability. Furthermore, discipline-specific vocabulary or
jargon, as well as differential access to data and tools, seem to limit the reception of the discipline and
therefore its practical application.

Discussions at the workshop therefore focused on developing common language and tools to
facilitate discussion and improve understanding. For the charcoal-based paleofire community, this can
be done by developing calibration studies [28], where raw charcoal data can be more easily interpreted
as fire information. Moreover, some geographical regions lack fire history information, particularly
grass-dominated ecosystems from boreal, temperate, and tropical regions, and it is still not possible
to quantitatively reconstruct fire-regime variables in most ecosystems [28]. Filling these gaps thus
represents a challenge for the charcoal-based paleofire community, but clearly a parallel investment in
improving communication with local stakeholders working in these ecosystems is an essential task for
the future.

There is also a need for more open, freely available, and understandable data. The Global
Charcoal Database (GCD; www.paleofire.org) developed by the GPWG2 aims to compile paleofire
records available worldwide and to document fire history. Since its inception over a decade ago,
the GCD has evolved as long-term data storage and a web-interfaced research tool, widely used by the
paleo-community. However, raw charcoal data, as those stored in the GCD, are hardly usable outside
of this community. These data need to be translated into fire metrics that can be used by ecosystem
managers, environmental policy makers, and conservation practitioners.

Developing decision-support tools is the first challenge but may not, however, be enough to
ensure their use if the utility of long-term data is not considered outside of the scientific community.
Management strategies and practices deserve more than a closing paragraph in a scientific paper.
To make paleofire data more useful for ecosystem managers, practitioners, and policy makers,
we need to improve visualization tools of our data and explicitly identify their limitations. Therefore,
future research programs have to be co-created with the stakeholders who will find these data useful.
Improving discussions among scientists, environmental agencies, governmental institutions, NGOs,
and private companies is imperative. New applications of charcoal-based fire history reconstructions
are already emerging. For instance, Cyr et al. [29] have successfully used paleofire data to re-orientate
timber management target in the boreal forests of Québec. Other case studies in Québec and Europe
documented new insights into the degree of human-shaped landscape with fire [15,30], providing
unique information that would help set conservation strategies. The GPWG2 represents an emerging
group of engaged scientists that aim to strengthen the linkages among conservation practitioners,
ecosystem managers, and a range of environmental stakeholders.

Acknowledgments: This paper is a product of the Global Paleofire Working Group Phase 2 (GPWG2;
http://pastglobalchanges.org/ini/wg/gpwg2/intro). The workshop was undertaken as part of the Past Global
Changes (PAGES) project, which in turn received support from the US National Science Foundation and the
Swiss Academy of Sciences, and was also supported by a grant from the Vice-décanat – Recherche et création,
Faculté des arts et des sciences, Université de Montréal to O.B. Finally, we would like to thank the personnel from
the Station de Biologie des Laurentides for making our last GPWG2 workshop an enjoyable stay.

Author Contributions: J.C.A, A.H., B.V., O.B. and the GPWG2 conceived the study based on the discussions at
the workshop. O.B. performed the analysis. J.C.A wrote the manuscript that was improved by all co-authors.

Conflicts of Interest: The authors declare no conflict of interest.

www.paleofire.org
http://pastglobalchanges.org/ini/wg/gpwg2/intro


Fire 2018, 1, 7 4 of 5

References

1. Conedera, M.; Tinner, W.; Neff, C.; Meurer, M.; Dickens, A.F.; Krebs, P. Reconstructing past fire regimes:
Methods, applications, and relevance to fire management and conservation. Quat. Sci. Rev. 2009, 28, 555–576.
[CrossRef]

2. Falk, D.A.; Heyerdahl, E.K.; Brown, P.M.; Farris, C.; Fulé, P.Z.; McKenzie, D.; Swetnam, T.W.; Taylor, A.H.;
Van Horne, M.L. Multi-scale controls of historical forest-fire regimes: New insights from fire-scar networks.
Front. Ecol. Environ. 2011, 9, 446–454. [CrossRef]

3. Tinner, W.; Conedera, M.; Ammann, B.; Gaggeler, H.W.; Gedye, S.; Jones, R.; Sagesser, B. Pollen and charcoal
in lake sediments compared with historically documented forest fires in southern Switzerland since AD
1920. Holocene 1998, 8, 31–42. [CrossRef]

4. Iversen, J. Land occupation in Denmark's Stone Age. Danmarks Geologiske Undersøgelse 1941, II, 66–68.
5. Waddington, J.C. A stratigraphic record of the pollen influx to a lake in the Big Woods of Minnesota. Geol. Soc.

Spec. Pap. 1969, 123, 263–282.
6. Simmons, I. Towards an ecology of Mesolithic man in the uplands of Great Britain. J. Archaeol. Sci. 1975, 2,

1–15. [CrossRef]
7. Mehringer, P.J., Jr.; Arno, S.F.; Petersen, K.L. Postglacial history of lost trail pass bog, Bitterroot Mountains,

Montana. Arct. Alp. Res. 1977, 9, 345–368. [CrossRef]
8. Clark, J.S. Particle motion and the theory of charcoal analysis: Source area, transport, deposition,

and sampling. Quat. Res. 1988, 30, 67–80. [CrossRef]
9. Clark, J.S.; Royall, P.D. Local and regional sediment charcoal evidence for fire regimes in presettlement

north-eastern North America. J. Ecol. 1996, 84, 365–382. [CrossRef]
10. Whitlock, C.; Millspaugh, S.H. Testing the assumptions of fire-history studies: An examination of modern

charcoal accumulation in Yellowstone National Park, USA. Holocene 1996, 6, 7–16. [CrossRef]
11. Tinner, W.; Hubschmid, P.; Wehrli, M.; Ammann, B.; Conedera, M. Long-term forest fire ecology and

dynamics in southern Switzerland. J. Ecol. 1999, 87, 273–289. [CrossRef]
12. Gavin, D.G.; Hallett, D.J.; Hu, F.S.; Lertzman, K.P.; Prichard, S.J.; Brown, K.J.; Lynch, J.A.; Bartlein, P.;

Peterson, D.L. Forest fire and climate change in western North America: Insights from sediment charcoal
records. Front. Ecol. Environ. 2007, 5, 499–506. [CrossRef]

13. Birks, H.; Line, J. The use of rarefaction analysis for estimating palynological richness from Quaternary
pollen-analytical data. Holocene 1992, 2, 1–10. [CrossRef]

14. Marlon, J.R.; Kelly, R.; Daniau, A.-L.; Vannière, B.; Power, M.J.; Bartlein, P.; Higuera, P.; Blarquez, O.;
Brewer, S.; Brücher, T.; et al. Reconstructions of biomass burning from sediment charcoal records to improve
data-model comparisons. Biogeosciences 2016, 13, 3225–3244. [CrossRef]

15. Vannière, B.; Blarquez, O.; Rius, D.; Doyen, E.; Brücher, T.; Colombaroli, D.; Connor, S.; Feurdean, A.;
Hickler, T.; Kaltenrieder, P.; et al. 7000-year human legacy of elevation-dependent European fire regimes.
Quat. Sci. Rev. 2016, 132, 206–212. [CrossRef]

16. Carcaillet, C.; Blarquez, O. Fire ecology of a tree glacial refugium on a nunatak with a view on Alpine glaciers.
New Phytol. 2017, 216, 1281–1290. [CrossRef] [PubMed]

17. Higuera, P.E.; Brubaker, L.B.; Anderson, P.M.; Hu, F.S.; Brown, T.A. Vegetation mediated the impacts of
postglacial climate change on fire regimes in the south-central Brooks Range, Alaska. Ecol. Monogr. 2009, 79,
201–219. [CrossRef]

18. Ali, A.A.; Blarquez, O.; Girardin, M.P.; Hély, C.; Tinquaut, F.; El Guellab, A.; Valsecchi, V.; Terrier, A.;
Bremond, L.; Genries, A.; et al. Control of the multimillennial wildfire size in boreal North America by
spring climatic conditions. Proc. Natl. Acad. Sci. USA 2012, 109, 20966–20970. [CrossRef] [PubMed]

19. Aleman, J.C.; Blarquez, O.; Bentaleb, I.; Bonté, P.; Brossier, B.; Carcaillet, C.; Gond, V.; Gourlet-Fleury, S.;
Kpolita, A.; Lefèvre, I.; et al. Tracking land-cover changes with sedimentary charcoal in the Afrotropics.
Holocene 2013, 23, 1853–1862. [CrossRef]

20. Hantson, S.; Kloster, S.; Coughlan, M.; Daniau, A.-L.; Vanniere, B.; Brücher, T.; Kehrwald, N.; Magi, B.I.
Fire in the earth system: Bridging data and modeling research. Bull. Am. Meteorol. Soc. 2016, 97, 1069–1072.
[CrossRef]

21. Whitlock, C.; Colombaroli, D.; Conedera, M.; Tinner, W. Land-use history as a guide for forest conservation
and management. Conserv. Biol. 2018, 32, 84–97. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.quascirev.2008.11.005
http://dx.doi.org/10.1890/100052
http://dx.doi.org/10.1191/095968398667205430
http://dx.doi.org/10.1016/0305-4403(75)90043-6
http://dx.doi.org/10.2307/1550528
http://dx.doi.org/10.1016/0033-5894(88)90088-9
http://dx.doi.org/10.2307/2261199
http://dx.doi.org/10.1177/095968369600600102
http://dx.doi.org/10.1046/j.1365-2745.1999.00346.x
http://dx.doi.org/10.1890/060161
http://dx.doi.org/10.1177/095968369200200101
http://dx.doi.org/10.5194/bg-13-3225-2016
http://dx.doi.org/10.1016/j.quascirev.2015.11.012
http://dx.doi.org/10.1111/nph.14721
http://www.ncbi.nlm.nih.gov/pubmed/28805959
http://dx.doi.org/10.1890/07-2019.1
http://dx.doi.org/10.1073/pnas.1203467109
http://www.ncbi.nlm.nih.gov/pubmed/23213207
http://dx.doi.org/10.1177/0959683613508159
http://dx.doi.org/10.1175/BAMS-D-15-00319.1
http://dx.doi.org/10.1111/cobi.12960
http://www.ncbi.nlm.nih.gov/pubmed/28574184


Fire 2018, 1, 7 5 of 5

22. Girardin, M.P.; Ali, A.A.; Carcaillet, C.; Blarquez, O.; Hély, C.; Terrier, A.; Genries, A.; Bergeron, Y.
Vegetation limits the impact of a warm climate on boreal wildfires. New Phytol. 2013, 199, 1001–1011.
[CrossRef] [PubMed]

23. Colombaroli, D.; Whitlock, C.; Tinner, W.; Conedera, M. Paleo records as a guide for ecosystem management
and biodiversity conservation. Past Glob. Chang. Mag. 2017, 25, 78–79. [CrossRef]

24. Willis, K.; Bailey, R.; Bhagwat, S.; Birks, H. Biodiversity baselines, thresholds and resilience:
Testing predictions and assumptions using palaeoecological data. Trends Ecol. Evol. 2010, 25, 583–591.
[CrossRef] [PubMed]

25. Gillson, L.; Marchant, R. From myopia to clarity: Sharpening the focus of ecosystem management through
the lens of palaeoecology. Trends Ecol. Evol. 2014, 29, 317–325. [CrossRef] [PubMed]

26. Davies, A.; Bunting, M. Applications of palaeoecology in conservation. Open Ecol. J. 2010, 3, 54–67.
27. Conedera, M.; Colombaroli, D.; Tinner, W.; Krebs, P.; Whitlock, C. Insights about past forest dynamics as

a tool for present and future forest management in Switzerland. For. Ecol. Manag. 2017, 388, 100–112.
[CrossRef]

28. Hawthorne, D.; Mustaphi, C.J.C.; Aleman, J.C.; Blarquez, O.; Colombaroli, D.; Daniau, A.-L.; Marlon, J.R.;
Power, M.; Vannière, B.; Han, Y. Global Modern Charcoal Dataset (GMCD): A tool for exploring proxy-fire
linkages and spatial patterns of biomass burning. Quat. Int. 2017, in press. [CrossRef]

29. Cyr, D.; Gauthier, S.; Bergeron, Y.; Carcaillet, C. Forest management is driving the eastern North American
boreal forest outside its natural range of variability. Front. Ecol. Environ. 2009, 7, 519–524. [CrossRef]

30. Blarquez, O.; Talbot, J.; Paillard, J.; Lapointe-Elmrabti, L.; Pelletier, N.; St-Pierre, C.G. Late Holocene influence
of societies on the fire regime in southern Québec temperate forests. Quat. Sci. Rev. 2018, 180, 63–74.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/nph.12322
http://www.ncbi.nlm.nih.gov/pubmed/23691916
http://dx.doi.org/10.22498/pages.25.2.78
http://dx.doi.org/10.1016/j.tree.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20800315
http://dx.doi.org/10.1016/j.tree.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24768602
http://dx.doi.org/10.1016/j.foreco.2016.10.027
http://dx.doi.org/10.1016/j.quaint.2017.03.046
http://dx.doi.org/10.1890/080088
http://dx.doi.org/10.1016/j.quascirev.2017.11.022
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	References

