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1  | INTRODUC TION

Grasslands, broadly defined, occur across a wide range of environ-
mental conditions, from the tropics to the Arctic, from sea level 
to mountain tops, in arid and humid areas, and in locations with 
thin, poor soils to deep nutrient- rich soils (Figure 1a; Dixon et al., 
2014; Still, Berry, Collatz, & DeFries, 2003). Grasslands are a key 

component of the Earth system, playing critical roles in cycling nu-
trients, water, and carbon, and in sustaining biodiversity, wild game, 
and livestock. While grassland ecosystems vary widely in composi-
tion and structure (including shrublands, steppe, and savanna, for 
example), most are in decline today as forests, croplands, agricultural 
fields, and urbanization all expand. Grasslands globally have been 
reduced in their areal extent by 40% since the Industrial Era (Murray, 
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Abstract
Grasslands are globally extensive; they exist in many different climates, at high and 
low elevations, on nutrient- rich and nutrient- poor soils. Grassland distributions today 
are closely linked to human activities, herbivores, and fire, but many have been con-
verted to urban areas, forests, or agriculture fields. Roughly 80% of fires globally 
occur in grasslands each year, making fire a critical process in grassland dynamics. 
Yet, little is known about the long- term history of fire in grasslands. Here, we analyze 
sedimentary archives to reconstruct grassland fire histories during the Holocene. 
Given that grassland locations change over time, we compare several charcoal- based 
fire reconstructions based on alternative classification schemes: (a) sites from mod-
ern grassland locations; (b) sites that were likely grasslands during the mid- Holocene; 
and (c) sites based on author- derived classifications. We also compare fire histories 
from grassland sites, forested sites, and all sites globally over the past 12,000 years. 
Forested versus grassland sites show different trends: grassland burning increased 
from the early to mid- Holocene, reaching a maximum about 8000–6000 years ago, 
and subsequently declined, reaching a minimum around 4000 years ago. In contrast, 
biomass burning in forests increased during the Holocene until about 2000 years 
ago. Continental grassland fire history reconstructions show opposing Holocene 
trends in North versus South America, whereas grassland burning in Australia was 
highly variable in the early Holocene and much more stable after the mid- Holocene. 
The sharp differences in continental as well as forest versus grassland Holocene fire 
history trajectories have important implications for our understanding of global bio-
mass burning and its emissions, the global carbon cycle, biodiversity, conservation, 
and land management.
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F IGURE  1  (a) Fire activity for 2015 (NASA Observatory). White pixels represent the high end of the fire count, with as many as 100 
fires/1000 km²/day, yellow pixels represent as many as 10 fires/1000 km²/day, orange pixels represent as many as 5 fires/1000 km²/day, 
and red pixels represent as few as 1 fires/1000 km²/day. Black areas correspond to grassland distribution from Dixon et al., 2014. (b) Site 
selections by biome classifications (red dots) from the Global Charcoal Database (blue dots corresponding to all the available sites in the 
GCD): grassland and savanna biomes following L12 classification; all the sites overlapping the current grassland distribution published by 
Dixon et al. (2014); grassland and savanna biomes following Ramankutty and Foley (1999) classification (RF99); and grassland biomes as 
described by contributors of the GCD (bGCD; www.paleofire.org)
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White, & Rohweder, 2000; White, Murray, Rohweder, Prince, & 
Thompson, 2000), causing losses in the ecosystem services they pro-
vide, such as carbon storage in soils and biodiversity (Murray et al., 
2000; Veldman et al., 2015). Despite widespread recognition of their 
importance and varied attempts to protect grasslands around the 
world, managing and conserving their essential processes remains a 
significant challenge.

Most grasslands occur in regions where tree cover is limited by 
edaphic or climate conditions, or by disturbances such as fire, herbiv-
ory, or flooding. The particular factors that control the distribution 
of grasslands across regions and continents are varied and debated, 
but fire is a consistently strong predictor (Staver, Archibald, & Levin, 
2011). Across a wide range of climatic and soil conditions, frequent 
fires and herbivory limit the abundance of trees and shrubs, promote 
herbaceous productivity, consume dead plant material, return nutri-
ents to the soil, stimulate reproduction, and maintain plant diversity 
(Lehmann et al., 2014; Nayak, Vaidyanathan, & Krishnaswamy, 2014; 
Veldman et al., 2014, 2015). Frequent fires and herbivory are particu-
larly critical processes where precipitation and soil nutrient availabil-
ity are sufficient to permit forest development (Bond, 2008; Bond & 
Keeley, 2005; Staver et al., 2011). Moreover, grassland ecosystems 
represent over one- third of Earth’s vegetation cover (Table 1), but 
roughly 80% of global fire takes place in these systems each year 
(Figure 1a, Mouillot & Field, 2005), representing about 40% of the 
gross global carbon dioxide emissions (Murray et al., 2000).

Despite the critical roles of fire in grasslands, we know relatively 
little about how burning varied in these ecosystems before the ad-
vent of satellite records. The vast majority of studies focusing on 
grasslands have provided information based on modern ecological 
data, or on historical or paleoecological reconstructions of changes 
within a single watershed or small region (Heisler, Briggs, & Knapp, 
2003;	Morgan,	1999;	Robin	et	al.,	2018;	Zhijun,	Jiquan,	&	Xingpeng,	
2009). The lack of long- term data about the effects of rising green-
house gases, changes in temperature, and hydrology on biomass in 
grasslands, in particular, poses a significant obstacle to understand-
ing both past dynamics and potential future trajectories of grassland 
ecosystems.

A variety of global fire history reconstructions since the Last 
Glacial Maximum (LGM; about 21,000 years ago) have been pro-
duced using charcoal- based sediment records (Daniau et al., 2012; 
Marlon et al., 2016; Power et al., 2008). Such studies revealed an 
increase in biomass burning since the LGM, particularly during de-
glaciation (Power et al., 2008). Comparisons of global biomass burn-
ing trends with temperature and precipitation simulations since the 
LGM suggest that rising temperatures are largely responsible for 
the increased biomass burning (Daniau et al., 2012). More detailed 
analyses of global and regional biomass burning, including data 
from both forests and grasslands, show substantial centennial and 
millennial- scale variability (Marlon et al., 2013; Vannière et al. 2011). 
However, forest and grassland fire history reconstructions were 
treated identically in these studies, without consideration of how 
fire in each biome type might register differently in charcoal records, 
or of how changing grassland distributions might alter fire history 

reconstructions. Developing a better understanding of the fire his-
tory of grasslands, and what they can and cannot tell us about the 
controls of fire in these ecosystems is thus a critical next step in ad-
vancing scientific knowledge of how fire regimes in grasslands have 
evolved over centuries and millennia. Particular questions that long- 
term fire history data can potentially provide insights into focus on 
which aspects of fire regimes are most important for driving shifts 
in grassland biomass burning, and how tools like prescribed burning 
can be used most effectively to restore or maintain grassland ser-
vices and biodiversity.

In this study, we address three research questions that draw 
on long- term fire history data from locations that are considered 
grasslands using alternative classification schemes. Specifically, 
we consider (a) how has biomass burning inferred from charcoal 
data varied on centennial and millennial scales in grasslands; (b) 
how trends in biomass burning differ among grassland types and 
how sensitive these trends are to modern versus mid- Holocene 
grassland definitions; and (c) what future research is needed to 
advance our understanding of fire history in grasslands. In order 
to provide context for the analyses, we first review the past 
and present role of fire in maintaining and shaping grasslands, 
and discuss the use and utility of different proxies for recon-
structing past fires. Second, we examine global fire history from 
121 “grassland” sites based on charcoal records available in the 
Global Charcoal Database (GCD; www.paleofire.org) subdivided 
based on four different biome classifications of grasslands. We 
discuss the implications of the findings for global change re-
search, conservation, and management, and identify questions 
emerging from the fire history of grassland sites as compared 
with forested sites. At last, we present directions for future 
research that can improve our understanding of fire history in 
grasslands.

2  | PA ST AND PRESENT ROLE OF FIRE

Fire is a primary disturbance agent that maintains many grassland 
landscapes (Figure 1a, e.g., Brown et al., 2005a; Hoetzel, Dupont, 
Schefuß,	 Rommerskirchen,	 &	Wefer,	 2013;	 Jacobs	 &	 Scholeder,	
2002; Scheiter et al., 2012). Most grassland fires occur in Africa 
and Australia during dry winters (Hély & Alleaume, 2006), but 
extensive fires also occur in the Americas, Asia, and Europe 
(Figure 1a, van der Werf et al., 2006). The rapid global agricultural 
expansion that occurred in the 19th and 20th centuries destroyed 
many grasslands; in many that remained, fire was effectively re-
moved through landscape fragmentation, the reduction in fuels 
with grazing, and eventually through direct suppression of fire. 
Today, fire regimes remain heavily modified by human activities 
in most ecosystems, perhaps most notably in the tropics, where 
fire is still being used to convert forest to pasture (Nepstad 
et al., 1999). Invasive grasses facilitate this process, promoting 
more open, flammable communities where forest and woodlands 
used to exist (Balch, Bradley, D’antonio, & Gómez- Dans, 2013; 

http://www.paleofire.org
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Cochrane et al., 1999). To understand how fire regimes changed 
prior to the advent of widespread, mechanized agriculture, long- 
term records (i.e., centennial to millennial time scales) that capture 
past grassland fires before the industrial era can be analyzed. Such 
records come primarily from dendrochronological data based on 
fire- scarred trees, or from paleoecological studies that employ 
charcoal accumulations in sediment. Such records are used to 
reconstruct different aspects of fire regimes—typically fire fre-
quency over centennial scales in the case of fire- scar data, and 
area or biomass burned and fire frequency over millennial scales 
in the case of charcoal records.

2.1 | Multidecadal to centennial- scale fire 
history records

Several key long- term grassland burning analyses come from South 
African National Park records (van Wilgen et al. 2004; Archibald, 
Roy, Wilgen, Brian, & Scholes, 2009). Van Wilgen et al. (2004), for 
example, used a spatial database of all fires in the 2- million ha Kruger 
National	 Park	 from	1957	 to	2002	 to	 examine	 the	 controls	 on	 fire	
regime under several different fire management approaches, includ-
ing a lightning- only regime. Regardless of approach, burned area 
was driven largely by variations in climate, particularly rainfall pat-
terns that determined grass fuel levels. However, during the light-
ning regime (when prescribed burning was not conducted), a greater 

proportion of the park’s area burned occurred during the dry season 
and thus suppression requirements increased. Regardless of man-
agement approach, fire- return intervals were also largely deter-
mined by annual rainfall sequencing. The spatial heterogeneity and 
seasonal distribution of fires, however, was affected by management 
policies, and the current approach does include some prescribed 
burning to manage fuels (van Wilgen et al. 2004).

Some longer grassland fire history records have been obtained 
through dendrochronological methods. Fire scars on trees have 
long been used to reconstruct past fire events in a wide range of 
ecosystems, providing baseline estimates of fire- return intervals 
for research and natural resource management (Abrams, 1992; 
Allen & Palmer, 2011; Guyette & Stambaugh, 2004; Ramankutty 
& Foley, 1999). In grasslands, where trees are necessarily limited, 
dendrochronology provides data on fire frequency, regeneration, 
and resilience in areas adjacent to grasslands or on their periphery 
(Arno & Gruell, 1983; Hély & Alleaume, 2006; Veblen, Kitzberger, 
Villalba, & Donnegan, 1999). As trees are scarce in grasslands by 
definition, tree- based fire history reconstructions may over-  or 
under estimate fire frequency in nearby or adjacent grasslands. 
Nonetheless, fire- scar studies can serve as a rich source of infor-
mation, particularly where millennial- scale records from lakes, for 
example (hereafter paleofires), are scarce (Girardin et al., 2009; 
Swetnam, Allen, & Betancourt, 1999; Swetnam & Betancourt, 
1998).

TABLE  1 Selected biomes and number of sites for the four classifications: RF99, D14, L12, and GCD. Total number of charcoal records in 
the selected biomes, and the number and percentages of sites by continent. Grasslands areal extent (in percentages) are calculated from 
Dixon et al. (2014) for each continent based on the area of grassland in each continent divided by the total area of grasslands globally. Colors 
refer to the sampling density of fire records based on the percentage of sites with charcoal data either above (red) or below (blue) the 
percentage of grassland area by continent

Site selection Source Selected biome types Sites Total
North 
America

South 
America Eurasia Africa Oceania

Modern 
grassland 
biomes (RF99)

Ramankutty 
and Foley 
(1999)

Savanna, Grassland/
Steppe, Open shrubland

Number 157 21 12 44 23 57

%  13 8 28 15 36

Modern 
distribution 
(D14)

Dixon et al. 
(2014)

Sites overlapping the 
current distribution of 
grasslands following 
Dixon et al. (2014)

Number 108 15 11 41 15 26

%  14 10 38 14 24

Mid- Holocene 
grassland 
biomes (L12)

Levavasseur 
et al. (2012)

Grassland and dry 
shrubland, Savanna and 
dry woodlands

Number 262 39 46 26 23 128

%  15 17 10 9 49

Author- defined 
grassland sites 
(bGCD)

Biome 
classification 
from 
contributors

Temperate xerophytic 
shrubland, Temperate 
deciduous broadleaf 
savanna, Temperate 
grassland, Desert, 
Temperate xerophytic 
woodland and shrub-
land, Tropical xerophytic 
shrubland, Tropical 
savanna

Number 103 22 7 39 20 15

% 21 7 38 19 15

% surface 
grassland

100 12 16 30 30 12



     |  5LEYS Et aL.

In central North America, extensive grasslands once 
stretched	across	70	million	hectares,	but	today	 less	than	4%	of	
the original Great Plains prairie remains (Murray et al., 2000). 
Lakes with continuous sediment records required for paleofire 
reconstructions are sparse here, particularly in drier areas where 
many lakes disappear during severe droughts. Analysis of fire 
scars from trees in one region has shown that a dramatic increase 
in fire frequency coupled with a decrease in fire intensity and/
or size, and a change in the timing of fires, fundamentally altered 
the vegetation composition and structure (Allen & Palmer, 2011). 
Landholders in the Flint Hills of Kansas and Oklahoma, for exam-
ple, now practice an annual, early- spring burning which coupled 
with annual heavy grazing results in a relatively homogenous 
landscape as compared to pre- industrial landscapes (Fuhlendorf 
& Engle, 2001). Fire occurrence here is not correlated with cli-
mate changes, such as pluvial or drought episodes, because a 
large majority of fires are now prescribed. Human impacts also 
dominate fire regimes in South Dakota, where fire- scar records 
document a dramatic increase in burning near former grassland 
areas with the arrival of European settlers since the late 1800s 
(Brown & Sieg, 1999).

Patterns of increased burning by European settlers (e.g., to ex-
pand ranching), followed by decreased burning and subsequent tree 
invasion during the past century, have been documented in many 
fire- scar studies and on multiple continents in addition to North 
America, including Patagonia (Alaback et al., 2003; Veblen & Lorenz, 
1988), and Australia (Bowman, Walsh, & Prior, 2004; Bradstock, 
2009). Similar to the fire history record from Kruger National Park, a 
modern climate- fire connection is still evident in Asia. Fire- scar data 
from Mongolian forests on the edge of grasslands, in particular, doc-
ument a pattern of increased burning during dry years that followed 
wet	years,	despite	extensive	human	activities	 (Gradel	et	al.,	2017).	
Increased burning in dry years that follow wet years, in which bio-
mass and thus abundant fuels have accumulated, are also recorded 
in fire- scar studies from the southwestern United States (Swetnam 
& Betancourt, 1990), although in this case the data are from forests 
where grasses are an important component of the understory rather 
than from grasslands per se.

2.2 | Millennial- scale grassland fire records

Long fire history records from grasslands can provide insight into 
climatic and human impacts on grassland ecosystems (Aleman et al., 
2013; Bhagwat, Nogue, & Willis, 2012; Carrión, Sánchez- Gómez, 
Mota, Yll, & Chaín, 2003; Commerford, Leys, Mueller, & McLauchlan, 
2016; Nelson et al., 2006; Umbanhowar et al., 2009) that extend be-
yond the typical age of trees, or that killed trees and thus prevented 
them from recording any signal. Multicentennial “megadroughts,” for 
example, or the effects of large temperature changes on fire and 
grasslands may be evident in sediment- based paleofire reconstruc-
tions that will not be available or detectable in modern, historical, or 
tree- ring data (Clark et al., 2002; Feurdean et al., 2013; Gavin et al., 
2007;	Grimm,	Donovan,	&	Brown,	2011).

Millennial- scale fire history reconstructions use variations in 
charcoal accumulation rates, or more simply, variations in charcoal 
abundances through time, to infer changes in biomass burning over 
thousands of years (Conedera et al., 2009; Lynch, Clark, & Stocks, 
2004;	 Patterson,	 Edwards,	 &	Maguire,	 1987).	 Such	 Holocene	 pa-
leofire records from grasslands often show a positive relationship 
between precipitation and biomass burning. As fires in grasslands 
are generally fuel limited, biomass burning tends to increase when 
conditions are relatively wet, which allows for a strong growing sea-
son and an increase in above- ground biomass (Turner et al., 2008; 
Grimm et al., 2011). For instance, during the mid- Holocene in the 
eastern Mediterranean, biomass burning was low in dry, fuel- limited 
grassland sites, but subsequently increased with increasing precipi-
tation that promoted the expansion of herb cover (Vannière et al., 
2011). Likewise, at the grassland- forest border in Minnesota, higher 
fuel loads and increased burning was associated with more favorable 
moisture conditions at ~4200BP, during the end of the mid- Holocene 
warm period (Camill et al., 2003). An increase in the abundance of 
C4 grasses during this same time period is also documented and 
linked to greater moisture and high fire regime (Nelson, Hu, Tian, 
Stefanova, & Brown, 2004). Higher biomass during drier period of 
the experimentation in the Tallgrass Prairies of South Dakota, how-
ever, is associated with higher surface temperatures, and potentially 
with strong winds (Ohrtman, Clay, & Smart, 2015). Thus, past re-
constructions suggest that climate–vegetation–fire interactions in 
grasslands are both spatially and temporally variable even without 
consideration of human impacts on fire regimes.

Fire history reconstructions have also been conducted on geo-
logical time scales. Charcoal in marine sediments, for example, has 
been analyzed to understand relationships between fire and the 
evolution of grasses, as well as climate–vegetation–fire interactions 
during periods of major Earth system changes. High charcoal abun-
dances	ca.	7–8	million	years	ago,	for	example,	were	coincident	with	
the expansion of grasslands vegetation globally and suggest that fire 
has been a primary determinant of grassland distributions over mil-
lennia (Keeley & Rundel, 2005). The evolutionary history and fire 
associated with C3 and C4 species seems related to photosynthetic 
pathways, but as C4 andropogoneae grasses (a taxonomic tribe 
within the family Poaceae) are more flammable than most other 
clades (Ripley et al., 2015), they burn more extensively. On the other 
hand, in the tropics the C3/C4 balance is strongly linked to tempera-
ture gradients across elevations (Still et al., 2003), and so fire his-
tory does not appear to play a major role in their distributions here 
(Bremond, Boom, & Favier, 2012).

Charcoal	abundances	in	a	170,000-	year	marine	sediment	record	
off the western coast of Southern Africa suggest a strong role for 
climate in driving grassland distributions and fire cycles on orbital 
time scales. Here, charcoal elongation ratios, which are thought to 
reflect differences in material burned (i.e., periods with particles 
that are longer rather than wider are thought to reflect increased 
grass burning), oscillated on a 23,000- year cycle corresponding to 
shifts in the Intertropical Convergence Zone that drove rainfall in-
tensity and seasonality in the Orange River drainage basin. Changes 
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in precession and their associated impacts on atmospheric circula-
tion	accounted	for	57%	of	the	variance	in	microcharcoal	abundances	
here, presumably through their effects on vegetation and biomass 
productivity (Daniau et al., 2013). Phytolith and charcoal variations 
in	marine	sediments	from	the	Amazon	fan	(Piperno,	1997)	during	the	
Last Glacial Maximum suggest that grassland fires were more fre-
quent than during warmer periods, and suggest that changes in rain-
fall seasonality may also have been a dominant control on biomass 
burned in South America on orbital time scales.

3  | GR A SSL AND BIOMES AND FIRE 
HISTORY RECONSTRUC TIONS

3.1 | Global charcoal database and grassland biomes

None of the many syntheses constructed from the Global Charcoal 
Database (e.g., Daniau et al., 2012; Marlon et al., 2016; Power 
et al., 2008; Vannière et al., 2016; Marlon et al., 2008) have fo-
cused on grassland systems. In part, this is due to the difficulties 
in identifying which sites should be considered “grassland” given 
that they can be defined in many ways and their spatial distribu-
tions vary through time. Some records that are defined today as 
grassland, for example, were forested in the past, and vice versa. 
Nonetheless, by limiting our focus to the Holocene, many sites that 
are considered grassland today have been grasslands throughout 
their history. In other cases, sites that may not be grassland today 
due to human influences are thought to be grassland for most 
of the Holocene prior to the Industrial Era. With these consid-
erations in mind, we examine 121 sites from the GCDv3 (www.
paleofire.org) that are considered to be modern- day grasslands, or 
grasslands during the mid- Holocene, when Northern Hemisphere 
growing season temperatures were generally warmer than today 
due to higher- than- present summer insolation. We examine fire 
history trends at these locations and discuss inferred fire–cli-
mate–vegetation–human dynamics in relation to the existing lit-
erature on grassland systems more broadly.

3.2 | Classifying grassland biomes

Defining and identifying grasslands for analysis in a consistent 
fashion globally is a nontrivial challenge. Unlike forests, for which 
satellite- based products such as the Global Land Cover dataset 
clearly defines eight distinct types (Bartholomé & Belward, 2005), 
there is a profusion of grassland definitions with no well- established 
categorization system. In part, this is due to the difficulty in char-
acterizing the limits of grasslands, which exist as a physiognomic 
continuum between forests and deserts (Dixon et al., 2014). Dixon 
et al. (2014) developed a broad definition of grassland as a distinct 
biotic and ecological unit, with similarities to savanna but distinct 
from woodland and wetland. While this definition seems suitable 
for comparing modern grassland ecosystems, past grassland distri-
butions derived from pollen assemblages requires substantial and 
often complex interpretation.

Although pollen records can help define the dominant vege-
tation cover in forests and can also be used to define temporal 
transitions from forested to nonforested environments, no con-
sensus exists on the dominance of grassland vegetation cover 
based on pollen assemblages, or the percentage of Non- Arboreal 
Pollen (NAP) types. Even in grass- dominated landscapes, pol-
len productivity is higher for woody taxa than herbaceous taxa 
due to differences in dispersal (i.e., by wind rather than insects) 
(Commerford, McLauchlan, & Sugita, 2013). In addition, NAP in 
vegetation history studies is typically considered to be part of 
the forest understory, or as the herbaceous vegetation around 
the depositional environment. As a result, it is very difficult to 
infer the landscape vegetation cover from NAP percentages 
alone. Moreover, grass pollen types differ substantially among 
regions, with the presence of emblematic species that com-
pose grasslands in each region dependent on the continent and 
grassland formations (Lehmann et al., 2014; Oyarzabal, Paruelo, 
Federico, Oesterheld, & Lauenroth, 2008). Finally, pollen re-
cords are not evenly distributed across space, and thus, some 
regions of the world are lacking records from which vegetation 
changes through time can be inferred (Levavasseur, Vrac, Roche, 
& Paillard, 2012). Thus, although pollen data are our primary tool 
for reconstructing past vegetation dynamics, no reconstructions 
of forest versus grassland vegetation at the global scale are read-
ily available for use in a global analysis of fire history during the 
Holocene.

Recognizing that no single scheme can perfectly define “grass-
land” sites, we chose four biome classification schemes that allow us 
to broadly distinguish between sites that can be considered modern 
and mid- Holocene grasslands. We selected charcoal sites based on 
these classification schemes and developed composite fire history 
records for each scheme (Figure 1b) as follows:

1. The present grassland formation distribution follows the map 
published by Dixon et al. (2014) (hereafter D14).

2. The biome classifications from the contributors of the GCD gen-
erally represent the dominant vegetation for the site over the 
length of the record (hereafter bGCD).

3. The biome types modeled from climate and adjusted on the pre-
sent-day distribution of vegetation are drawn from Ramankutty 
and Foley (1999) (hereafter RF99).

4. The biome types modeled from climate and adjusted on the pollen 
records at 6000 years before present (hereafter year BP) are from 
Levavasseur et al. (2012) (hereafter L12).

These two latter classification schemes account for the possi-
ble under-  or over- representation of grassland biome distributions 
inferred from climate alone. Both the RF99 and L12 schemes avoid 
recent human impacts, such as agricultural areas, urban areas, and 
plantations.

The definition of grasslands as used in this manuscript is 
thus dependent on the classification analyzed (bGCD, D14, 
RF99, and L12). However, to be as consistent as possible within 

http://www.paleofire.org
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the four biome classifications, we choose biome types corre-
sponding to the two same megabiomes for L12 and RF99: sa-
vanna and dry woodland, and grassland and dry shrubland; as 
defined by Harrison and Prentice (2003), thus, our four grass-
land categorizations include savannas and shrublands as well 
as unambiguously classified tropical and temperate grasslands 
(Table 1).

3.3 | Analyses of charcoal signals in 
grassland biomes

The total charcoal quantities that accumulate in the sediments at a 
given location are controlled by many different factors, only some 
of which pertain to the local fire regime. Moreover, the controls on 
absolute charcoal quantities vary by region. In the western United 
States, for example, total charcoal abundances are determined by 
lake size, watershed size, local topography, and vegetation produc-
tivity (Marlon, Bartlein, & Whitlock, 2006). Elevation integrates 
many of these factors, and thus, sites at lower elevations often have 
more charcoal than those at higher elevations. In the eastern United 
States, topography is less important, and climate and fire- regime 
characteristics exert a stronger influence on total charcoal (Clark & 
Royall, 1996). Different field, laboratory, and analytical approaches 
also influence absolute charcoal values in different studies. Thus, it 
is not possible to quantitatively reconstruct past fire- regime changes 
based on charcoal abundances alone (Power, Marlon, Bartlein, & 
Harrison, 2010). It is still possible, however, to examine relative 
changes in charcoal accumulation rates and to interpret these as an 
indicator of changes in biomass burned, which have been calibrated 
to area burned in forested areas (Higuera, Whitlock, & Gage, 2011), 
and prairies (Leys, Brewer, McConaghy, Mueller, & McLauchlan, 
2015;	 Leys,	 Commerford,	 &	 McLauchlan,	 2017),	 over	 centennial	
and millennial time scales. To standardize these diverse records and 
make them comparable, we transformed the data with a Box- Cox 
transformation and calculated Z- scores with a base period from 
12,000 to 250 cal year BP. The data were then smoothed using a 
250- year half window width. A bootstrap method was applied to as-
sess the 95% confidence intervals around the mean. More details on 
the data transformation and the bootstrap can be found in Blarquez 
et al. (2014).

For each of the four classifications, we plotted the individual 
sites in a Hovmöller diagram (Hovmöller, 1949) to show the num-
ber of records spanning the past 12,000 years and to highlight the 
sites that contributed the most to each charcoal signal, that is, with 
the greater number of samples and/or the samples throughout the 
past 12,000 years. To show the differences in transformed charcoal 
values interpreted as biomass burned at each contributing site, we 
colored the individual samples from a site using their transformed 
values as follows: 0 ± 0.25 in gray, 0.5 ± 0.25 in light red, 1 ± 0.25 
in	dark	red,	−0.5	±	0.25	in	light	blue,	and	1	±	0.25	in	dark	blue.	The	
blue variations indicate samples that have below- average biomass 
burned, while the red reflects values with above- average biomass 
burned.

Charcoal trends for the four groups of grassland biomes based 
on L12, RF99, D14, and bGCD definitions and the forest biome 
(based on the L12 definition) were tested with a nonparametric 
Spearman test using the R package pastecs (R Core Team, 2014). 
A	 negative	 rho	 value,	 from	 −1	 to	 0,	 indicates	 declining	 charcoal	
values over time. In contrast, a positive rho value (from 0 to 1) 
indicates increasing charcoal values over time. A rho value close to 
0 indicates no increase or decrease in the overall trend. p- Values 
were calculated to assess the significance of the rho values. A 
change point analysis was used to assess significant changes over 
time, with no inference of trend direction (positive or negative) 
based on mean values using the R package changepoint (Grosjean 
& Ibanez, 2002; R Core Team, 2014). A penalty value was fixed at 
0.05.

4  | GLOBAL ,  FOREST,  AND GR A SSL AND 
FIRE HISTORIES

4.1 | Grassland biome classifications

There are considerable differences in the labeling of the 121 grass-
land sites across the four different vegetation data classifications 
(Figure 1b). The biome descriptions are finer for the bGCD, with 
seven different biomes corresponding to nonforested lands, while 
biomes are coarser for RF99, which has three different nonforested 
biomes, and L12, which has only two different nonforested biomes 
(Table 1). The number of selected sites in the GCD is the smallest 
for bGCD biomes, and more than 2.5 times larger for the L12 biome 
scheme (Table 1). The number of sites per continent varies as does 
their temporal resolution (Supporting information Figures S1–S4). 
Although the L12 biome maps encompass the largest number of 
sites, half of them are situated in dry woodlands in Australia, and the 
other four continents have similar numbers of sites when compared 
with the other biome maps. However, only about a third of “grass-
land” sites are shared between the four different sources (Figure 1b). 
The large differences in which sites are considered “grassland” can 
be explained by different factors. In all the classification schemes, 
ecotone sites may be included that are or were not grassland them-
selves, but are near or adjacent to grasslands. Such mismatches may 
be due to the coarseness of the classification scheme, mismatches 
that arise when overlaying a grid over point location data, or changes 
in time over vegetation. For example, it is well documented that 
Cygnet Lake in Yellowstone National Park, Wyoming in the United 
States has been surrounded by lodgepole pine forest throughout the 
Holocene (Millspaugh et al., 2000), but it appears in the L12 grass-
land biome because it was adjacent to extensive grasslands during 
the mid- Holocene.

Other “grassland” sites that are known from detailed pollen 
analyses to be forested during the mid- Holocene can very likely 
be identified in our classification schemes, and so the composite 
curves here should be considered to reflect a generalized rather 
than strictly defined representation of grassland burning over time. 
The D14 scheme reflects current (modern) grassland distributions. 
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The RF99 scheme reflects a modeled distribution based on climate 
and corrected by the modern grassland distribution. Thus, neither 
D14 nor RF99 account for the past distribution of grasslands either 
by estimating biomes via pollen data as is done in the bGCD, or by 
inferring the potential distribution of grasslands through climate 
and pollen data analysis as in L12. A more careful and conservative 
representation of grassland sites would be quite useful but would 
require a large community effort that could provide site- by- site anal-
ysis and local expertise for the original records, which will prevail 
of reproducible analyses and comparisons. The L12 classification is 
arguably the best estimation to use for a global- scale perspective on 
grassland burning during the Holocene because it does not rely on 
diverse and nonsystematic interpretations from GCD contributors 
and is not biased toward modern grasslands, even though the L12 
classification includes dry woodlands, which results in more than 
2.5 times the number of sites in Australia (Table 1) than the other 
classifications.

Regardless of the classification scheme applied, the number of 
GCD grassland sites is not proportional to the areal extent of grass-
lands on each continent or globally (in contrast to forested areas) 
based on their modern distribution (Dixon et al., 2014). More paleo-
fire records exist in North America and Oceania regardless of the 
classification scheme, as compared with Eurasia, Africa, and South 
America (Table 1). The distribution of sites in Eurasia is also highly 
skewed, with most located in western Europe and Mongolia, and 
none in the temperate grasslands of Russia, Kazakhstan, or the 
Tibetan plateau (Figure 1b and Supporting information Figure S6). 
The absence of sites in these areas is not due to a lack of appropriate 
depositional environments (i.e., natural lakes, peats, bogs), but more 
likely results from their relatively remote locations. The African 
and South American continents are the least studied (Figure 4 and 
Supporting information Figure S5) because of limited local capacity 
for scientific research, political instabilities, lack of depositional en-
vironments, and protected areas for wildlife and habitats that pre-
vent lake coring and the removal of sediments.

4.2 | Millennial- scale global trends

Charcoal trends show significant increases for all GCD sites, as 
well as for the forested sites following the L12 classification (rho of 
0.90 and 0.89 respectively, Table 2). As proposed by Marlon et al. 
(2016), global biomass burning estimated from transformed char-
coal data has increased over the past 12,000 years due to warming 

temperatures and human impacts. However, this trend is mostly 
represented by forested areas as shown in this study (Figure 2a 
and b). The grassland sites from the D14 and RF99 classifications 
also show an increase in charcoal (0.86 and 0.85, respectively, 
Table 2, Figure 2d and e). On the other hand, the grassland sites 
following the L12 and bGCD classifications show no significant 
increase or decrease for the 12,000- year period (Figure 2c and f, 
Table 2). As discussed above, D14 and RF99 are both based on cur-
rent distribution of grasslands, including cultivated lands for RF99 
(Levavasseur et al., 2012). In the past decades, some forested 
lands have been converted to open areas such as cultivated lands 
(Murray et al., 2000; White et al., 2000). Conversely, some areas 
such as the European Alps or the Mediterranean show an opposite 
trend (Carcaillet & Muller, 2005; Genries, Muller, Mercier, Bircker, 
& Carcaillet, 2009; Leys & Carcaillet, 2016; Tinner, Ammann, & 
Germann, 1996). This change from a forested to more open land-
scape could have created an abrupt increase in the number of sites 
considered grassland areas today, but that were in fact forested 
landscapes in the recent past. In addition, the L12 classifications 
encompass all the shrublands and dry woodlands of the Australian 
continent, which leads to a unique charcoal trend during the two 
past millennia.

The two classifications that best represent grassland dis-
tributions in the past (L12 and bGCD) show no significant 
increasing trend over the past 12,000 years. Because global 
averages cannot, by definition, reveal regional heterogene-
ity, we examine the charcoal signals by continent. However, 
the strong differences in trends between the global forested 
versus grassland sites already highlight the value of analyz-
ing data from forested and grassland landscapes separately, 
and also for treating these data separately in global syntheses, 
particularly in the context of reconstructing past carbon emis-
sions. For example, while a global charcoal average can reveal 
the “net” effect of biomass burning—that is, whether a trend 
is positive or negative when everything is considered together 
at the planetary scale—if charcoal data were used to model 
CO2 emissions, biomass burning in forests versus grasslands 
sites would obviously need to be treated differently because 
grasslands emit much more carbon than forests when burned. 
Distinguishing the biomass burning trends in these two data 
types can thus support more nuanced global biomass burn-
ing and emissions reconstructions if used with models (e.g., 
van	Marle	et	al.,	2017).	In	light	of	this	result,	grassland	records	

Site selection rho p- value

All sites of the GCD 0.89 ≪0.001

Mid- Holocene forest biomes (L12) 0.90 ≪0.001

Mid- Holocene grassland biomes (L12) 0.25 0.09

Modern distribution (D14) 0.86 ≪0.001

Modern grassland biomes (RF99) 0.85 ≪0.001

Author- defined grassland sites (bGCD) 0.16 0.26

TABLE  2 Trends in transformed 
charcoal values over the past 
12,000 years as determined by the 
application of a Spearman test, and 
associated p- values. Negative values of 
rho,	up	to	−1,	indicate	a	decreasing	trend,	
positive values of rho, up to +1, an 
increasing trend, and values around 0 
indicate no positive or negative trend
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should be considered separately from forests in global- scale 
analyses in general, although this may depend on the research 
question and time period of interest.

4.3 | The three distinct periods in global grassland 
fire regimes

Change point analysis reveals periods of relatively rapid change in all 
of the global fire history reconstructions (Figure 2). A large increase 
in biomass burning at the beginning of the Holocene (between ca. 10 
and 11,100- year BP) is evident in the global reconstructions for both 
forested and grassland sites, with burning increasing slightly earlier 
in the grassland sites based on the L12 or RF99 classifications than in 
the D14 scheme or at the forested sites. After about 10,400 year BP 
for all GCD sites, all forest sites from L12, and all grassland sites from 
D14, and slightly after for the grassland sites from the bGCD, bio-
mass burning becomes more stable. The increase in biomass burning 
at the onset of the Holocene is similar to the increase in forested 
sites and is consistent with warming climate conditions and changing 
broad- scale precipitation patterns observed at longer time scales, 
especially drier conditions in the midlatitudes, and wetter conditions 

in some monsoon- driven regions. In this hypothesis, grassland fires 
responded positively to warmer climate conditions broadly, and also 
to increases and decreases in precipitation depending on the region. 
In particular, because biomass burning is highest at intermediate 
levels of precipitation (Daniau et al., 2012) and the late glacial was 
generally dry, warmth and increasing moisture would have allowed 
more biomass growth in arid areas (Tierney & deMenocal, 2013) 
and thus more fire, and yet could have also increased fire in wetter 
areas as long as vegetation dried out seasonally. Burning could sub-
sequently decline with continuing aridification, however, such as in 
the most arid phase of the mid- Holocene in North America (Nelson, 
Verschuren, Urban, & Hu, 2012), or with the mixed effects of dry 
conditions and intense grazing in the same area (Umbanhowar et al., 
2009).

The grassland curves from D14, L12, RF99, and bGCD showed 
two main changes in burning, with a decrease in charcoal Z- scores 
after	 the	early	Holocene,	 the	 first	between	8000-		 and	7000-	year	
BP, and the second between 4000-  and 3000- year BP. The global 
change	 in	grassland	 fire	dynamics	around	8000-		 to	7000-	year	BP	
is not shared with the forested sites from L12, or with all GCD sites 
combined. In the Holocene, several shifts from grassland to forest 

F IGURE  2 Normalized biomass burning trends for charcoal records using different classification schemes. (a) All sites in the Global 
Charcoal Database (GCD) version 3.0; (b) All sites within forested biomes following the Levavasseur et al. (2012) classification (L12); (c) All 
sites within nonforested biomes following the L12 classification; (d) All sites overlapping the current grassland distribution published by 
Dixon et al. (2014); (e) All sites within nonforested biomes following the Ramankutty and Foley (1999) classification (RF99); (f) All sites within 
nonforested biomes as described by contributors of the GCD (bGCD). Charcoal records are first rescaled to values between 0 and 1 (i.e., 
min- max method), and then normalized using Box- Cox followed by Z- score transformations. The red lines represent the normalized charcoal 
data smoothed with a 250- year half window, and the dashed lines represent the 95% confident intervals. The vertical solid lines correspond 
to significant change points with p- values < 0.05
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have been reported in different parts of the world, corresponding 
mostly to changes in climatic conditions. The maximum extent of 
grassland cover in the United States is about 8000- year BP, corre-
sponding to the beginning of the warmest and driest period in North 
America in the Holocene (Shuman & Marsicek, 2016). At this time, 
grasslands expanded as did fire, consistent with previous fire history 
reconstructions (Nelson et al., 2006; Walsh et al., 2008; Power et al., 
2011).

The charcoal signal is stable for both L12 and bGCD grassland 
sites during the mid- Holocene, and is likely linked to drier cli-
matic conditions especially in northern temperate zones that led 
to lower fuel availability and burning in grassland areas (Brown 
et al., 2005a; Clark et al., 2002; Nelson et al., 2012), coupled with 
increased burning in forested sites. Increased biomass burning 
in D14 and RF99 sites in particular include sites comprised of 
forest at that time, but that have been converted to grasslands 
today. As an example, several long fire history records have been 
constructed from grassland and steppe vegetation in the loess 
plateau of China that point to climate changes as a driver of veg-
etation	and	fire-	regime	changes.	Wang	and	Li	 (2007)	found	that	
the rates of black carbon mass sedimentation rates (BCMSR) were 
2–3 times higher in cold, dry glacial conditions, for example, than 
in interglacial periods. However, the relative importance of tem-
perature versus precipitation in driving such patterns remains 
unclear, as is the relative extent of steppe versus grassland veg-
etation in the past.

4.4 | Biomass burning from mid- Holocene grassland 
biomes (L12) by continent

4.4.1 | Oceania (Australia)

The Oceanian grassland sites are the most numerous, repre-
senting 48% of the charcoal records from the L12 grassland bi-
omes (Table 1), all situated in Australia (Figure 1b). As a result, 
the reconstructions from the global L12 grassland sites and the 
Australian sites are highly similar (Figures 2c and 3). There is no 
significant trend for the full period, but there is a change point 
at ca 400- year BP that marks a large increase in biomass burn-
ing. A previous synthesis of fire regimes in Australasia (Mooney 
et al., 2011) based on 223 charcoal records from the GCD ver-
sion 2 examined biomass burning in the context of climate and 
anthropological data. The authors conclude that overall the fire 
regimes	 in	Australasia	based	on	the	 last	70,000	years	predomi-
nantly reflect climate variability, with no distinct change at the 
arrival of human at 50,000- year BP, although human activities 
could have nonetheless played important local roles in determin-
ing fire regimes. However, a recent increase in biomass burning 
beginning around 200- year BP is interpreted as an unambiguous 
signal of human influence, whether directly through vegetation 
and land- use changes or indirectly through anthropogenic cli-
mate changes that affect fire- regime characteristics. In the past 
century, higher precipitation in preceding years has promoted 

fire events during warmer months in this region (Edwards et al., 
2008; Greenville, Dickman, Wardle, & Letnic, 2009), but an in-
crease in fire frequency during the cooler months has also been 
reported due to management approaches in central Australia 
(Edwards et al., 2008).

4.4.2 | South America

In South America, the charcoal trend is very different trend from the global 
L12 and the Australian continent trend (Figure 4). There is an increase in 
burning from 12,000 to 10,000 year BP likely linked to the warmer cli-
matic conditions, longer growing season, increased biomass productivity, 
and thus fuel availability at the onset of the Holocene compared to the 
late glacial (Power et al., 2008). However, the decrease in charcoal after 
10,000- year BP may reflect another driver overriding temperature, such 
as precipitation reductions that reduce fuel availability, or changes in 
human	activities	(Moreno	et	al.,	2000;	Whitlock	et	al.,	2007).	Analysis	of	
diverse paleoenvironmental data from multiple sites in Patagonia, for ex-
ample, demonstrates that fuel discontinuity played a greater role in driving 
biomass burning trends here than other factors such as climate variability 
or human activities (Iglesias and Whitlock, 2014). Reductions in moisture 
availability were reported from 10,000-  to 6000- year BP in Brazil (Cruz 
et al., 2005) and may have decreased fuel availability in grassland areas 
enough to limit fire, for example. Wetter conditions from 4,000- year BP 
to present are correlated with higher fuel loads and biomass burning in 
southern South America (Iglesias et al., 2014). South American fire fre-
quencies over the Holocene are sensitive to the alternation of dry and 
wet conditions, although human activities may have influenced fire lo-
cally since the onset of the Holocene (Behling, Pillar, & Bauermann, 2005). 
Human impacts may also have reinforced climate influences on grassland 
fires on this continent (and elsewhere), with increased fire ignitions by hu-
mans during wetter periods (Behling et al., 2005).

4.4.3 | North America

Biomass burning is increasing during the Holocene for most areas 
in North America (Blarquez et al., 2015; Marlon et al., 2013), com-
pared to biomass burning in grassland biomes from L12 only, which 
shows a smaller increase (Figure 5) including a period of stable 
fire activity from 6,000-  to 3,000- year BP. Regional coherency 
in past fire occurrence has been reported in the northwestern 
United States, likely driven by regional climate changes (Marlon 
et al., 2006; Whitlock et al., 2008). High fire activity in present- 
day summer- dry areas show a period of protracted high fire ac-
tivity during the early Holocene that was attributed to intensified 
summer drought in the western summer- dry region (Brunelle et al., 
2005). Relatively high biomass burning during the middle Holocene 
in western North America is supported by evidence for frequent 
fires in grasslands and savanna (Walsh et al., 2008; Power et al., 
2011).

Higher fire activity in the late Holocene is observed in many regions 
in North America, but peak burning is earlier in the interior central re-
gion than in more coastal areas (Marlon et al., 2013). Maximum burning 
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around 2000 years ago in the northwestern United States has been ob-
served in both forest and grassland biomes, and has been attributed in 
some cases to climate changes such as the Roman Warm Period (Hallet 
et al., 2003; Lepofsky et al., 2005) and the Medieval Climate Anomaly 
associated with warm, dry conditions about 1000 years ago (Whitlock 
et al., 2008), and in other cases to Native American fire use, particularly 
in (forested) coastal regions (Brown and Hebda, 2002) but also in grass-
land river valleys (Walsh et al., 2010) and inland areas (Roos et al., 2010; 
Scharf, 2010; Walsh et al., 2015).

4.4.4 | Eurasia and Africa

Given the number of sites available in grassland biomes in Eurasia 
(26) and in Africa (23), and their temporal resolutions, interpretations 
have to be made with caution (Supporting information Figures S5, 
S6). The Eurasian sites are represented mostly by Mongolian sites, 
primarily in the western mountainous region (Supporting informa-
tion Figure S6). Eighteen of the 26 sites record less than 8,000 years 
of history, including six sites recording only the past 2,000 years. 

F IGURE  3 Summary of the charcoal signal of grassland sites following the Levavasseur et al. (2012) classification (L12) in Oceania 
(Australia). (a) Distribution map of the selected sites in red, compare to all the sites in the GCD in blue. (b) Normalized charcoal signal of the 
selected charcoal records on the last 12,000 years. Charcoal records have been standardized (min max method), and normalized (Box- Cox 
and Z- score transformations). The red lines represent the normalized charcoal data smoothed at 250- year windows, and the dashed lines 
represent the 95% confident intervals. (c) Hovmöller- type diagram with Z- scores of transformed charcoal records from the 128- selected 
series. Tick marks represent individual samples with colors underlining periods with dominant positive (red) or negative (blue) Z- score values
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The increase in biomass burning from 12,000 to 8,000 years, com-
monly explained by the maximum summer insolation and warmer 
conditions at the onset of the Holocene (Vannière et al., 2011), is 
driven by Sicilian sites, Arabic sites, and Asian sites on isolated is-
lands. During the past 8,000 years, biomass burning remains stable, 
but is comprised of Mongolian sites recording very few charcoal 

particles (Umbanhowar et al., 2009), due to the high intensity of pas-
ture activities that reduce available fuels.

More sites in Africa record the past 12,000 years of fire his-
tory, but the temporal and spatial resolution, as well as the number 
of samples per site is very low. Many variations in the fire activity 
could have therefore been missed, especially between 8,000 and 

F IGURE   4 Summary of the charcoal signal of grassland sites following Levavasseur et al. (2012) classification (L12) in South America. 
(a) Distribution map of the selected sites in red, compare to all sites in the GCD in blue. (b) Normalized charcoal signal of the selected 
charcoal records on the last 12,000 years. Charcoal records have been standardized (min max method), and normalized (Box- Cox and 
Z- score transformations). The red lines represent the normalized charcoal data smoothed at 250- year windows, and the dashed lines 
represent the 95% confident intervals. (c) Hovmöller- type diagram with Z- scores of transformed charcoal records from the 48- selected 
series. Tick marks represent individual samples with colors underlining periods with dominant positive (red) or negative (blue) Z- score 
values
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4,000 years before present, where biomass burning appears lower 
but where data are particularly sparse (Supporting information 
Figure S5).

5  | FUTURE RESE ARCH DIREC TIONS

5.1 | Interpretation of charcoal as a fire proxy in 
grassland systems

5.1.1 | More charcoal data

The registration of fire- regime changes in lake sediments from grass-
land ecosystems remains poorly understood. A key fire research 
priority is thus to establish working definitions of grassland ecosys-
tems as distinct from forest ecosystems appropriate for long- term 
(paleo) studies. The reconstruction of fire history and the distinction 
of fuels burned, from charcoal trends and morphology respectively 
(see Discussion, below), can be useful for defining grassland and 
forest landscapes through time. Through those two charcoal- based 
metrics, insights into potential impacts of human activities on fuel 
burned and the importance of fire in opening forested landscapes 
or maintaining grasslands might be better understood. There is also 
a critical need to develop more paleofire records in modern and 
Holocene grassland systems, especially in the tropics and in Asia, 
but even on continents that generally have better coverage, such as 
in North America and Europe as the charcoal records in these two 
continents are mostly in forested environments or at the edge of 
grasslands. Our results also point to important differences in grass-
land distributions given different biome classifications, and empha-
size the variability in these classification systems depending on the 
time period of interest. In order to better understand these systems 
and their dynamics, classification systems must be chosen carefully, 
particularly if modern- day grassland systems are being considered, 
which often do not reflect natural long- term processes at work and 
do not correspond to the concept of old- growth grasslands (Veldman 
et al. 2016).

5.1.2 | Calibration of charcoal data to better 
understand grassland fire regimes

There are many charcoal records that already exist from grasslands, 
but the interpretation of such records is difficult due to our limited 
understanding of how burned material is incorporated into sediments 
during and after grassland fires. Calibration studies that examine 
how charcoal particles from recent fires are produced, transported, 
deposited, and incorporated into sediments (i.e., “taphonomy”) in 
grassland versus forested ecosystems would greatly improve our 
ability to accurately reconstruct grassland fire history (Leys et al., 
2015,	2017).

Paleofire reconstructions require a robust method for analyzing 
high- resolution charcoal series in lake or peat sediments (Whitlock & 
Anderson, 2003). Charcoal counts and variability depend in part on 
fire intensity and burned area, as well as on the associated vegetation 

that determines fuel structure, distribution, and quality (Higuera, 
Sprugel, & Brubaker, 2005; Pitkanen, Lehtonen, & Huttunen, 1999). 
Therefore, charcoal amounts alone do not reflect fire history per se; 
as these values can vary over time and be biased by environmental 
parameters acting on charcoal taphonomy. In forested areas that ex-
perience stand- replacing fires for example, high- resolution charcoal 
series can be decomposed into peak and background components, 
with peaks of charcoal used as indicators of discrete fire events or 
episodes (i.e., multiple large fires within a year or few years) (Higuera 
et al., 2011). However, grassland ecosystems that burn annually or 
more often than can be distinguished given the sediment sampling 
resolution may result in high values of charcoal “background” lev-
els in lake sediments. In these cases, it is difficult to know what a 
“peak” in charcoal actually reflects, especially if the sedimentation 
rate is slow, meaning that many fires are reflected in each sample. 
Such conditions make it difficult, if not impossible, to detect indi-
vidual fire events or even episodes of high fire frequency (Brown 
et al., 2005b; Clark, Grimm, Lynch, & Mueller, 2001; Commerford 
et al., 2016; Nelson et al., 2012). Fire reconstructions in grassland 
areas are thus mainly based on charcoal signal variations, and the 
interpretations are as diverse as the uses of different terms, such 
as “fire importance” and “fire activity” (e.g., Brown et al., 2005b; 
Clark et al., 2001; Nelson et al., 2006) or even “fire frequency” (e.g., 
Behling,	Pillar,	Muller,	&	Overbeck,	2007;	Chang	Huang	et	al.,	2006).	
A consistent pattern of interpretation that has emerged from many 
grassland fire history studies, however, is that charcoal abundances 
reflect changes in the quantity of biomass burned (which may or may 
not reflect changes in area burned) over multidecadal to multimil-
lennial scales (e.g., Camill et al., 2003; Umbanhowar, 2004; Brown 
et al., 2005a,b; Umbanhowar et al., 2009; Power et al., 2011; Daniau 
et al., 2012; Colombaroli, Ssemmanda, Gelorini, & Verschuren, 2014; 
Aleman	et	al.,	2013;	Leys	&	Carcaillet,	2016;	Leys	et	al.,	2017).

5.1.3 | New perspectives with charcoal 
morphotypes

A few published records from sites that are not in grasslands but 
that have a grass component have provided separate measurements 
of herbaceous versus woody charcoal based on visual observation 
of morphology. These measurements can provide information about 
changes in dominant fuel sources over time, offering insights into 
fire- regime characteristics such as fire intensity or burn severity. For 
instance, postglacial charcoal and pollen data from Lago el Trébol 
in Patagonia, a midelevation forested site (Whitlock et al., 2006) 
on the Argentine side of the Andes, show that background char-
coal was generally lowest when the proportion of grass to woody 
charcoal was the highest, perhaps indicating shifts in fire types from 
crown fires to understory fires, indicating a decrease in fire severity. 
Colombaroli et al. (2014) reconstructed the fire history of two sites 
in wet and dry savanna in Uganda and Kenya, and show that a dou-
bling of mean charcoal accumulation rates occurred during a period 
when >80% of the charcoal was derived from grasses, countering a 
common misconception that grass burning does not produce much 
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charcoal. A charcoal calibration study from Kruger National Park, 
South Africa, further found that the abundance of macrocharcoal 
particles reflected variations in fire intensity more strongly it re-
flected fire proximity or burned area (Duffin, Gillson, & Willis, 2008).

Although charcoal morphotypes have been analyzed primarily in 
forested environments, a recent study suggests they may be inaccu-
rate in grass- dominated landscapes (Leys et al., 2015). Some stud-
ies have shown that the elongation of charcoal particles, however, 

F IGURE  5 Summary of the charcoal signal of grassland sites following Levavasseur et al. (2012) classification (L12) in North America. 
(a) Distribution map of the selected sites in red, compare to all the sites in the GCD in blue. (b) Normalized charcoal signal of the selected 
charcoal records on the last 12,000 years. Charcoal records have been standardized (min max method), and normalized (Box- Cox and Z- score 
transformations). The red lines represent the normalized charcoal data smoothed at 250- year windows, and the dashed lines represent the 
95% confident intervals. (c) Hovmöller- type diagram with Z- scores of transformed charcoal records from the 39 selected series. Tick marks 
represent individual samples with colors underlining periods with dominant positive (red) or negative (blue) Z- score values
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or the width to length ratio, is an accurate proxy to reconstruct 
fuel sources, either woody or herbaceous (Aleman et al., 2013; 
Leys	et	al.,	2017;	Umbanhowar	&	Mcgrath,	1998).	In	New	Zealand,	
monosaccharide anhydrides, including levoglucosan, mannosan, and 
galactosan, are used as molecular markers of biomass burning in 
sediment cores. Levoglucosan/mannosan and levoglucosan/(man-
nosan + galactosan) ratios in particular allowed the reconstruction 
of grassland versus hardwood fuel sources, which compared well 
with variations in macroscopic charcoal abundances (McWethy et al., 
2009; Kirchgeorg, 2015). Vanillic acid and other fire proxies found in 
ice cores are increasingly being used to reconstruct long- term vari-
ations in biomass burning (Grieman, Aydin, Isaksson, Schwikowski, 
&	Saltzman,	2017;	Grieman,	Aydin,	McConnell,	&	Saltzman,	2018).	
Some of these proxies are only produced by particular types of veg-
etation, which may help us better disentangle grassland fire history 
from charcoal data in the future. Vanillic acid, for example, is mainly 
produced by the incomplete combustion of conifers. In contrast, p- 
HBA is a primary indicator for grass burning (Simoneit, 2002). Thus, 
future comparisons of GCD data with ice- core fire proxies may yield 
new insights into both local and broad- scale trends in paleofire 
history.

5.2 | Pollen/charcoal integration to better define 
grassland landscapes

The grassland definition of Dixon et al. (2014) is suitable for compari-
son with modern grassland ecosystems, but needs to be developed 
for past grasslands, as has begun with pollen assemblages using L12 
modeled biomes (Levavasseur et al., 2012). Nonetheless, the au-
thors acknowledged that the model predicted some points in north-
eastern Europe and Spain as temperate or boreal forests instead of 
temperate forests or grasslands and dry shrublands, possibly due to 
difficulties in accounting for human impacts, and the absence of con-
sideration of soil proprieties in the model.

Many studies designed to calibrate pollen assemblages to veg-
etation abundance and landscape structure (Commerford et al., 
2013;	 Sugita,	 1993,	1994;	Tauber,	 1974)	have	been	 conducted	 in	
forests. Such studies need to be extended to grassland environ-
ments, by comparison of subsurface pollen assemblages with 
present- day grassland ecosystems as defined by Dixon et al. (2014). 
If we can assume that this relationship is constant through time, 
then we can apply the scaling from the modern day to the past, 
and at least reconstruct changes in forest versus grassland vegeta-
tion in the paleo record (Williams & Shuman, 2008). Recent stud-
ies aimed to address this challenge by calibrating the herbaceous 
pollen taxa from depositional environment with the surrounding 
vegetation (Commerford et al., 2013; McLauchlan, Commerford, & 
Morris, 2013) and demonstrated clear correlations between pol-
len taxa variations and vegetation assemblages. Another possibility 
is to establish the proportion of tree to nontree pollen in surface 
samples, and then calibrate this against satellite- based estimates 
of	tree	cover	(e.g.,	Tarasov	et	al.,	2007).	This	ratio	can	be	used	to	
account for the over- representation of trees in pollen spectra due 

to their high pollen productivity compared with grasses/forbs. 
Because herbaceous species are very sensitive to climate varia-
tions, there is also an opportunity to link pollen assemblages with 
climatic conditions, allowing precipitation reconstructions in these 
areas	(Commerford	et	al.,	2017).

5.3 | Other controls of fire regimes in grassland 
systems: herbivores

Fire intensity (the rate of energy released along a fire front) and 
frequency in grasslands today is often fuel dependent (Keeley & 
Rundel, 2005; Whelan, 1995), and fuel loads are tied to net primary 
productivity (NPP), which is both precipitation and grazing depend-
ent	 (Briggs	 et	al.,	 1997;	 Christensen,	 Coughenour,	 Ellis,	 &	 Chen,	
2004; Knapp, Briggs, Hartnett, & Collins, 1998; Scurlock & Hall, 
1998;	Shinoda,	Ito,	Nachinshonhor,	&	Erdenetsetseg,	2007).

It has already been demonstrated that bison, for example, today 
play an important role in grassland productivity and on fuel availabil-
ity (e.g., Leys et al., 2015). Fire exclusion or removal of herbivores can 
result in rapid transitions from grassland to forest, with associated 
losses of herbaceous plant diversity (Scasta et al., 2016; Veldman 
et al., 2015). Overgrazing and increases in atmospheric CO2 can 
also lead to forest encroachment, despite frequent fires (Brunelle, 
Minckley, & Delgadillo, 2015). In yet other systems, increasing graz-
ing densities, while reducing fire, may increase grasslands (Archibald, 
2008). The combined effect of herbivory and fire on grasslands is 
thus far from predictable and remains unclear. New proxies and a 
broader interpretation of existing proxies will be required for a bet-
ter understanding of the impacts of grazing on fire and vegetation 
(Craine & McLauchlan, 2004).

A recent proxy for past grazing intensity is dung fungal spores 
from herbivores, which can be identified and counted on pol-
len slides (Etienne, Wilhelm, Sabatier, Reyss, & Arnaud, 2013; Gill 
et al., 2013; Raper & Bush, 2009). Dung fungal spores were used 
recently as a proxy to show that the density of grazers is clearly 
not independent of climate- driven changes in NPP (Davis & Shafer, 
2006). Ancient sedimentary DNA has also been used to reconstruct 
the fauna distribution and evolution since the Late Pleistocene 
(Willerslev & Cooper, 2005). This technique can also be applied to 
sedimentary sequences to assess the diversity of the fauna, includ-
ing herbivore megafauna. Finally, in New Zealand, a novel approach 
was recently used to compare the fire history with human presence 
and grazing activity identified with Fecal sterols in a sediment record 
(Kirchgeorg, 2015).

5.4 | Prescribed burning versus natural wildfires

Grasslands have been managed using fire for millennia, and pre-
scribed burning remains an integral part of grassland maintenance 
today, especially for limiting the rapid spread of uncontrolled wild-
fires. Prescribed burns in any vegetation type are typically con-
ducted only under very specific and highly stable meteorological 
conditions, usually during the growing season when there is no 
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wind, humidity is not too low, and the vegetation is moist (Fernandes 
& Botelho, 2003; Valkó, Török, Deák, & Tóthmérész, 2014). In 
European grasslands, for example, burning is usually organized by 
plots, in which all the above- ground biomass is burned, resulting in 
relatively homogeneous fire impacts. Because external factors such 
as wind speed and vegetation moisture are highly controlled, fire 
spread is closely managed, and fire intensity is largely consistent in 
a given area (Pastro, Dickman, & Letnic, 2011; Valkó et al., 2014). 
Natural fires in uncontrolled conditions in contrast generally have 
higher severity, and can prevent stand establishment. On the other 
hand, the volatilization of nutrients such as Nitrogen is more likely 
in more intense fires (DeBano, 1991; Neary, Klopatek, DeBano, & 
Ffolliott, 1999), and soils can be consumed during combustion, re-
leasing more carbon in the past than today. Pellegrini et al. (2018) 
shows that the time of fire treatment is impacted more the grass-
land, savannas, and broadleaf forests than the neddleleaf forests on 
the Carbon, Nitrogen and Phosphorous storage in soils. Paleofire 
impacts on vegetation, carbon, and other nutrients in the systems 
are therefore likely to be different than those observed and moni-
tored today (Dijkstra, Wrage, Hobbie, & Reich, 2006; Hernández 
& Hobbie, 2008; Ohrtman et al., 2015; Reich, Peterson, Wedin, & 
Wrage, 2001), which underscores the need to improve our under-
standing of grassland fire history and the potential consequences of 
future human impacts and climate change.

5.5 | Paleofire simulations in earth system models

Fire is commonly understood to be the primary pathway of car-
bon release in grasslands. The rapid regrowth of vegetation after 
fires in savanna grasslands, however, is assumed to sequester 
an equivalent amount of atmospheric CO2 to what was released 
during burning, resulting in no net change to the CO2 budget 
in the absence of abrupt climate changes or land- use changes 
(Harrison & Bartlein, 2012). Thus, grassland systems that have 
been established for millennia and have experienced high fire 
frequencies constitute an important carbon reserve, storing up 
to 30% of global soil carbon (Figure 3, Scurlock & Hall, 1998; 
Murray et al., 2000; Veldman et al., 2015). The carbon stock in 
grassland areas is thus 80% in the roots, and in the organic mat-
ter of the soil (Murray et al., 2000; Scholes & Hall, 1996). The 
conversion of grassland to cropland and pasture has a primary 
consequence of changing carbon- rich reservoirs to systems that 
stock less carbon per unit area of land. Today, the estimation of 
the grassland contribution to the carbon sink remains unknown, 
but some estimations based on a missing part of the carbon sink 
suggest that it may be as much as 0.5 Gt per year (Scurlock & 
Hall, 1998). The large amount of land area covered by grasslands 
as well as the relatively unexplored potential for grassland soils 
to store carbon has increased interest in the carbon cycles of 
these ecosystems.

While global fire modeling has advanced rapidly in the past 
decade	 (Rabin	et	al.,	2017),	modeling	global	grassland	burning	 in	
particular is a new frontier (Lasslop et al. 2016), particularly on 

long time scales. As a result, some assumptions about global bio-
mass burning that are based on our understanding of forest fires 
may need to be revised as models develop. For example, while the 
likelihood of fire increases since the last burn in forests, this is not 
true in grasslands, where the opposite relationship is more likely 
(Bond, Woodward, & Midgley, 2005). Improving reconstructions 
of paleofires in grasslands will improve our ability to examine their 
role in the carbon cycle and will also facilitate examination of how 
fire in grasslands interacts with climate and vegetation changes, 
currently being explored in Earth system models (e.g., Lasslop 
et al. 2016).

6  | CONCLUSION

Relatively few fire history reconstructions and calibration studies 
have been conducted in grassland as compared with forest ecosys-
tems to date. As a result, many assumptions have been made about 
grassland fires based on limited evidence, or on evidence more 
appropriate to woodlands and forests. Our synthesis represents a 
first attempt to consider grassland burning independent of forest 
burning globally and suggests that the history of biomass burning 
in these two biome types was significantly different from one an-
other. Understanding why, and which factors were most important 
in determining the different trajectories of burning, will require 
both more paleodata as well as more modern calibration data to 
improve our ability to interpret paleofire records from grasslands. 
Each grassland ecosystem is different, but all are in decline today 
due to the expansion of forests and croplands, which store less 
carbon in soil, provide fewer habitats for fauna, and contain less 
flora diversity. Advancing our knowledge of grassland fire history 
would allow us to address questions about the role of fire, carbon 
emissions and storage, and the role of herbivores in grassland sys-
tems more effectively.

Given our current understanding of Holocene grassland fire his-
tory based on the four biome classifications presented here, trends 
in grassland burning differed from those in forested areas through-
out the Holocene, but particularly in the mid-  and late Holocene. In 
light of this result, we encourage grassland records to be considered 
separately from forest systems in global- scale analyses in general, al-
though this depends on the research question and the time period of 
interest. Further work on charcoal calibration and comparison with 
modern fire data, in conjunction with additional analyses of char-
coal morphologies are important areas for future paleofire research. 
Coupling paleofire data with modeling efforts, both regionally and at 
the global scale, are also needed in order to better understand the 
carbon cycle in grasslands and interactions between fire, vegetation, 
biodiversity, and climate change more broadly.
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