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Abstract
In recent decades, as wildland fire occurrence has increased in the United States, concern about the emissions
produced by wildland fires has increased as well. This growing concern is evidenced by an increase in scientific
articles investigating effects of wildland smoke on public health, and ongoing research projects assessing wildland
smoke hazards. We reviewed primary literature evaluating wildland smoke in the United States and determined that
the vast majority of available literature addresses the northwestern and southeastern US. We discovered that a
significant knowledge gap exists for the Great Plains, a region where wildfire and prescribed fire occur frequently. In
this region, wildfire and prescribed fire are important economically, ecologically, and culturally. Given the paucity of
data regarding emissions from Great Plains fuels and the increase in fire occurrence in the region, we suggest that
more active research is needed to fill this gap.
Keywords: air quality, biomass burning, carbon dioxide, emissions, grasslands, ozone, prescribed fire, public health,
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Resumen
En décadas recientes, como consecuencia del incremento en la ocurrencia de incendios de vegetación en los
EEUU, la preocupación por las emisiones que estos incendios producen también se incrementó. Esta creciente
preocupación se evidencia por el incremento de los artículos científicos que investigan los efectos del humo
proveniente de estos incendios en la salud pública y otros proyectos en marcha para determinar los peligros
potenciales de estos humos. Revisamos la literatura primaria que evalúa el humo proveniente de incendios de
vegetación en los EEUU, y determinamos que la vasta mayoría de la literatura disponible aborda el noroeste y
sureste de los EEUU. Descubrimos que una gran falta de conocimiento existe para las Grandes Planicies centrales
de EEUU, donde tanto los incendios naturales como las quemas prescriptas ocurren frecuentemente. En esta
región, tanto los incendios naturales como las quemas prescriptas son económica, ecológica, y culturalmente
importantes. Dada la escasez de datos relacionados con las emisiones por combustibles vegetales en las Grandes
Planicies y el incremento en la ocurrencia de incendios en esta región, sugerimos la necesidad de activar las
investigaciones para llenar este vacío de información.
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Introduction
Fire is an evolutionary driver of rangelands worldwide
and is essential to the persistence of many terrestrial
ecosystems (Wright and Bailey 1982; Axelrod 1985;
Bond et al. 2005). Human alteration of fire regimes, particularly through fire suppression, is credited with degradation of rangelands (Archer 1989; Archer et al. 2017)
and subsequent increases in fuel loading and changes in
fuel structure (Twidwell et al. 2013a). Such fuel accumulations have led to an increase in wildland fire in the
United States over the past four decades (Donovan et al.
2017). Recently, however, policy-makers have recognized
the importance of fire as an evolutionary driver of terrestrial ecosystems and have made possible the use of wildland fire for management of fire-dependent ecosystems
(National Strategy 2014). In response to this change,
landscapes in the United States are increasingly being restored and managed using prescribed fire (Twidwell
et al. 2013b). As a consequence of increased wildland
fire (both wildfire and prescribed fire) and an increasing
human population, wildland fire emissions have become
a public health concern and a topic of increased research
interest.
Wildfire activity has been particularly high in the western US due to fuels and climatic conditions that favor
large catastrophic fires (Keeley and Syphard 2019). Large
fires obviously generate large volumes of smoke, potentially affecting millions of individuals (Hyde et al. 2017).
In the southeastern US, where prescribed fires are frequently used for management of forests, smoke is also a
significant concern due to its potential harmful impacts
on susceptible populations (Weir 2009). These concerns
have precipitated new lines of research aimed at understanding smoke constituents and reducing negative effects on public health. One example of such research is
the Fire and Smoke Model Evaluation Experiment (FASMEE) project, which aims to improve capabilities of
smoke modeling programs based on extensive sampling
of smoke from wildland fires (Prichard et al. 2019).
Public concern regarding smoke is based on multiple
factors including nuisance smoke, climate change, and
public health. Smoke from wildland fires can cause dangerous conditions on roadways and near airports and
other travel corridors by obstructing vision (Weir 2009),
but there is also considerable concern regarding the release of carbon into the atmosphere (Langmann et al.
2009) and the impacts of smoke on air quality (Hyde
et al. 2017). These concerns are of particular importance
to managers of public and private lands who use fire
(managed wildfire and prescribed fire) as part of a land
stewardship strategy, because regulations affecting
smoke have potential to hinder the use of fire. Indeed,
more than 40% of respondents to a national survey
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indicated “air quality/smoke” as one of their top three
impediments to prescribed fire (Melvin 2018).
Prescribed fire and wildfire in the Great Plains

Fire managers attempt to minimize the impacts of
smoke on public health by executing prescribed fires
when weather conditions favor smoke dispersal and
wind is predicted to carry smoke away from heavily populated areas or sites with sensitive receptors such as
homes or roads (Fig. 1; Weir 2009). However, smoke incursions may still occur as a result of inaccurate forecasts or unforeseen weather changes. Furthermore,
several instances of long-range transport have been observed at a continental and even intercontinental scale
(Jaffe et al. 2004; Craig et al. 2015). The increasing
prominence of prescribed fire as a method for restoration of rangelands in the Great Plains, USA, warrants
more thorough quantification of emissions from fuels
specific to the region.
In a trend similar to the western United States, the
Great Plains region has experienced an increase in wildfire occurrence over the past three decades (Donovan
et al. 2017), which can be attributed in part to an invasion by woody plants. Ironically, the woody plant invasion is the result of land management practices,
particularly poor livestock management and direct fire
suppression (Briggs et al. 2005; Archer et al. 2017). If left
unchecked, this invasion may result in irreversible
changes to the ecosystem and lead to alternative stable
states (Twidwell et al. 2013a). Millions of hectares of
rangeland in the southern Great Plains have been invaded by woody plants and may be susceptible to such
transitions (USDA NRCS 2018). Prescribed fire has been
identified as a possible method for restoration of
encroached rangelands (Twidwell et al. 2016) and

Fig. 1 Fire managers plan burns for periods when winds are
favorable to direct smoke away from sensitive receptors such as
roadways. Fire in Stillwater, Oklahoma, USA, on 10 August 2019.
Photograph by J. Weir
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described as the most cost-effective method for improving productivity for livestock (van Liew et al. 2012). Prescribed fire combined with grazing has also been
suggested as an effective method to manage the rapid
growth of herbaceous biomass, thereby mitigating wildland fire behavior (Starns et al. 2019). In addition to restoration by fire, these ecosystems require frequent fire to
maintain grassland structure and productivity and prevent invasion by woody plants (Fuhlendorf et al. 1996;
Briggs et al. 2005; Twidwell et al. 2013b). In the southern Great Plains (states of Kansas, Oklahoma, Texas,
Nebraska), more than 1 million ha were treated using
prescribed fire in 2017, in addition to nearly 700 000 ha
affected by wildfire (Melvin 2018; NIFC 2019).
Current knowledge of grassland fire emissions

Globally, one of the most thoroughly studied biomes is
the African savanna, where many landmark observations
were made during pioneering work (Cofer et al. 1996;
Kuhlbusch et al. 1996; Andreae et al. 1998; Hobbs et al.
2003; Trentmann et al. 2005; Keene et al. 2006). For example, emission factors of a wide range of chemical species—including those containing carbon, nitrogen,
halogens, sulfur, or phosphorous (Keene et al. 2006)—
were measured here, providing valuable insights into the
effects of grassland fires in general. Further, observations
of significant mobilization of phosphorous during experimental burns (Keene et al. 2006) indicate that emissions
of prescribed and wildfires can have effects on ecology in
addition to air quality. More recently, burning of agricultural residues in Asia has also been investigated, including
the emission of species like polycyclic aromatic hydrocarbons (PAHs) and isocyanic acid, which pose acute health
risks (Singh et al. 2013; Kumar et al. 2018b). Interestingly,
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the total hydroxyl radical (OH) reactivity during
burning was much higher than predicted by standard
atmospheric chemistry mechanisms, indicating that
additional gaseous species contributing to the formation of secondary pollutants, such as ozone and secondary organic aerosol, must be incorporated into
emission factors (Kumar et al. 2018a).
In North America, emissions of prescribed fire and
wildfires have been studied most thoroughly for the
western and southeastern US (Prichard et al. 2020),
where fires commonly occur in forested areas. Comparatively few studies have reported on grass fires in North
America. In the Pacific Northwest, the emissions of
burning Kentucky bluegrass (Poa pratensis L.) have been
measured (Dhammapala et al. 2006; Dhammapala et al.
2007a; Dhammapala et al. 2007b; Holder et al. 2017) and
modeled (Jain et al. 2007; Zhou et al. 2018), largely in
the context of agricultural residue burning. In the southeastern US, the emissions of prescribed fires in plots of
grass and grass–shrub wildlands have also been measured (Aurell et al. 2015; Holder et al. 2016; Ottmar
et al. 2016) and modeled (Hu et al. 2008), although few
of the grass species are relevant to the Great Plains.
Grasses in these studies were limited to wiregrass (Aristida beyrichiana Trin. & Rupr.) and invasive Lehmann
lovegrass (Eragrostis lehmanniana Nees) (Hu et al. 2008;
Burling et al. 2010).
Knowledge gap for the Great Plains

In addition to the presence of unique fuel types and species in the Great Plains, many emission factors focus on
the smoldering phase of combustion (Prichard et al.
2020), which is markedly shorter or absent in grassland
fires (H. Starns, Texas A&M AgriLife Research, Sonora,

Fig. 2 Side-by-side comparison of differences in opacity of smoke between (A) grass-dominated fuels, and (B) woody-dominated fuels. Fires in
Stillwater, Oklahoma, USA, on (A) 27 September 2016, and (B) 12 February 2015. Photographs by H. Starns
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Texas, USA, personal observation). In this context, local
and regional air quality studies describing the effects of
prescribed fires in the Great Plains have focused on
modeling (Baker et al. 2016; Liu et al. 2017, 2018) using
emissions factors developed outside of the Great plains.
However, the recently published measurements of gaseous emissions from prescribed fires in Great Plains
grasslands reported by Whitehill et al. (2019) reinforce
the importance of evaluating emissions based on regional fuels. Whitehill et al. (2019) found high concentrations of emitted alkenes and oxygenated organic
compounds, some of which may not have been adequately represented by previous modeling exercises in
Great Plains landscapes. These pollutants may contribute significantly to secondary pollutant formation
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downwind, potentially leading to ozone exceedances in
nearby urban areas. In fact, during April 2011, ozone
exceedances occurred at air quality monitoring stations
in the region due to intense seasonal prescribed burning
(Craig et al. 2015). Additionally, an increase in days
when the MDA8 ozone standard of 70 ppbv is exceeded
in the central region of the United States is shown to be
impacted by smoke from wildfires (Brey and Fischer
2016). Furthermore, appreciable concentrations of benzene and acrolein were observed (Whitehill et al. 2019),
and these join a host of other toxic species, including
PAHs and isocyanic acid, previously observed to be
emitted from grassland fires.
Although fires reported on by Whitehill et al. (2019)
were executed in native tallgrass prairie, the plots

Table 1 Search terms used in Web of Science to determine extent of primary literature relevant to wildland fire emissions in North
America (top) and the Great Plains (bottom). Terms with multiple words were entered encased in quotation marks to ensure that
the phrase was treated as a single search term. Searches were performed during August 2019, with one additional record added
during September 2019 due to recent publication. Prichard et al. (2020) is not included in table
Area

Search term

North America

particulate matter
smoke management

Results relevant to wildland fire (n)

413

23

4

1

fire effluent

0

0

crop residue burning

2

0

351

66

9

0

biomass burning
carbonaceous aerosol
black carbon

182

9

carbon monoxide

296

22

smoke

757

70

3050

121

PM 2.5

226

15

PM 10

109

4

emissions

Great Plains

Total results (n)

ozone

1163

39

Total

6562

370

22

0

0

0

particulate matter
smoke management
fire effluent

0

0

crop residue burning

2

0

14

0

0

0

biomass burning
carbonaceous aerosol
black carbon

20

0

carbon monoxide

12

0

smoke

32

1

332

2

PM 2.5

1

0

PM10

2

0

emissions

ozone

1

2

Total

488

5
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burned were heavily dominated by a single species, big
bluestem (Andropogon gerardii Vitman). However, Great
Plains grasslands are frequently composed of highly diverse grassland communities (Palmer 2007; Whitehill
et al. 2019). Because fuel chemistry impacts emissions,
there is a likelihood that these various fuels produce different quantities and species of emissions (Aurell et al.
2015; Whitehill et al. 2019), an assumption that is supported anecdotally by the opacity of smoke produced
(Fig. 2). Moreover, there have been no attempts to compare emissions of native and introduced grasses, or between rangeland grasses and the woody species
commonly targeted during restoration fires (Ottmar
et al. 2016; Twidwell et al. 2016). Such comparisons are
necessary to inform fire managers of the potential impacts that their smoke will have on public health, allowing them to assess risks and benefits associated with fire.

Quantifying the knowledge gap
We used 13 search terms related to wildland fire emissions in conjunction with “North America” and the same
terms in conjunction with the term “Great Plains”
(Table 1). Terms containing multiple words were entered into Web of Science (www.webofknowledge.com)
topic searches as phrases (e.g., biomass burning). We acknowledge that our search may not have been exhaustive, and likely omitted some works relevant to our topic
that used similar terms (e.g., burning biomass rather
than biomass burning). Initial searches were performed
during August 2019. We also included Whitehill et al.
(2019) and Prichard et al. (2020), which were published
after our searches but were directly relevant to our results. Some of our searches likely overlapped due to the
use of multiple keywords within a given article. Indeed,
when the two most recent articles were added to our initial search results, the total result numbers increased by
eight due to overlapping search terms. However, we
feel our searches successfully obtained unbiased samples of works done in North America and in the
Great Plains, and offer a glimpse into the dearth of
emissions data for the Great Plains relative to the remainder of North America.
The vast majority of our search results were related to
emissions from industrial or other sources not associated
with wildland fire. Of 6562 articles relating to our keywords in North America, only 370 (~5.6%) of those related directly to wildland fire (Table 1). However, when
we narrowed our search using the term “Great Plains”
rather than “North America,” we found only 488 results,
with only 5 (~1%) relevant to wildland fire within the
region (Table 1). Despite the pervasive nature of fire
in the Great Plains, we found only a single effort to
quantify emissions from fuels common to the region
(Whitehill et al. 2019).
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Conclusions
Considering the geographic scale of the Great Plains and
the dependence upon fire to maintain and restore grasslands within the region, emissions from Great Plains
fuels are likely to become a significant driver of policy in
the future. However, literature quantifying such emissions is scarce—emissions research to date has focused
on forested lands in the southeast and northwest portions of the US, and shrublands in the western region
(Akagi et al. 2011; Burling et al. 2011; Whitehill et al.
2019). Furthermore, the currently ongoing FASMEE
project (May et al. 2014) maintains the focus on these
regions. We emphasize that the FASMEE project is a
well planned and much needed exploration of wildland
fire emissions. Our goal in this paper is to highlight the
knowledge gap that exists in the Great Plains, not to detract from other research. The fact remains that fire, and
therefore smoke, will continue to occur in the Great
Plains and has potential to negatively affect public health
in this and other regions of the United States. As such,
smoke may become an increasingly important challenge
to maintaining the ecological process of fire on Great
Plains rangelands. Active research into the emissions of
native and introduced grass and woody fuels in this region would greatly improve our ability to manage smoke
and protect the public.
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