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SUMMARY
With carbon management emerging as an additional consideration for land managers due to
growing concerns about climate change effects and prescribed burning representing a potentially
avoidable source of carbon emissions, the carbon dynamics of prescribed fire need evaluation.
On the surface, fire as a carbon emission is simple. However, the reality is much more complicated,
given the interactions between fire and vegetation across time and space and the potential for
climate change to influence both (Hurteau and Brooks 2011).
Fire consumes biomass and releases carbon compounds such as carbon dioxide, carbon monoxide,
methane, and particulate matter immediately during combustion, and longer-term carbon emissions
from fire occur as vegetation killed during burning decomposes (Schlesinger and Bernhardt 2020).
Total emissions from fire vary because of many factors, including:
•

Region

•

Ecosystem

•

Weather conditions before, during and after burning

Total emissions from fire are also influenced by short-term and long-term carbon dynamics
(Schlesinger and Bernhardt 2020).
A portion of carbon emitted during burning is also returned to soils as pyrogenic carbon, a thermally
altered form of organic carbon produced during fires. It can contribute to long-term carbon
sequestration in soils due to its stability and residence in soils over long (e.g., millennial) timescales
(Santos et al. 2012, Singh et al. 2012, Fang et al. 2014).
In ecosystems like grasslands, where most carbon is stored belowground as soil organic carbon,
burning has minimal impacts on overall carbon stocks because aboveground carbon pools and net
primary production are smaller (Schlesinger and Bernhardt 2020). Even when these systems are
burned repeatedly, carbon is quickly recovered after fire as new plant growth uptakes atmospheric
carbon emitted during burning (Janowiak et al. 2017).
In other ecosystems, like forests, burning can have greater impacts on carbon dynamics, especially
where aboveground carbon pools are large. In forests, carbon is released during burning as
understories are consumed in surface fires, and overstories are consumed in stand-replacing fires.
After a fire, dead vegetation and litter on the forest floor continue to release carbon dioxide via
decomposition (Schlesinger and Bernhardt 2020, Janowiak et al. 2017). Carbon emissions from the
decomposition of fire-killed trees from stand-replacing fires can account for more carbon released
than during combustion itself (Campbell et al. 2016). Forested systems have high annual net primary
productivity, and as trees re-establish after a fire or continue growing if not killed during fire, they
sequester carbon emitted during burning and decomposition. These carbon dynamics after a fire in
forests operate at scales of tens to hundreds of years, and forests remain carbon sinks when natural
fire regimes are maintained (Janowiak et al. 2017).
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When fire frequency and severity are within the historical range of variability that ecosystems have
adapted to, fire maintains aboveground and belowground carbon pools through time (McLauchlan
et al. 2014). The effects of prescribed fire on mainly understory plant and leaf litter carbon are
short-lived, and carbon pools are replenished quickly (Mitchell et al. 1999, Starr et al. 2015, Kirkman
et al. 2016, Flanagan et al. 2019).
Management that maintains the amount and longevity of sequestered carbon leads to increased
carbon storage and regulates long-term carbon balances. For example, mixed-conifer forests
maintained by frequent surface fires historically had fewer trees but overall stored more carbon in
larger and longer-lived trees. Recent fire exclusion has resulted in more smaller trees but less
carbon storage over time due to increased mortality rates from increased stand density, shorterlived species and increased carbon dioxide emissions from decomposition (Fellows and Goulden
2008, North et al. 2009).
The successful application of prescribed fire should consider the historical role of fire in
ecosystems, the short-term and long-term impacts of fire on carbon dynamics, and the role of fire in
maintaining stable carbon pools aboveground and belowground in ecosystems over relevant time
scales.
General conclusions of fire effects on carbon stocks and cycling are below, with more in-depth
discussion by system and related literature in the following chapters.
•

Forests sequester higher amounts of carbon than grasslands, including in large aboveground
carbon pools, but are more vulnerable to perturbations (pests, pathogens, climate variability,
disturbance, etc.).

•

Prairies store most ecosystem carbon belowground and pull more carbon from the
atmosphere than they release during and after fires – even when burned repeatedly.

•

Cumulative carbon emissions in forests through decomposition of fire-killed trees usually
exceed pyrogenic emissions, with emissions during burning dependent on fire severity.

•

Most systems in the Lake States (MN, WI, MI) sequester carbon within the same time scale of
their fire frequency – systems in the Lakes States continue to be carbon sinks due to large
carbon sequestration in the soils of grasslands and wetlands and carbon sequestration in
forests both in trees and soils.

•

Both carbon stocks and dynamics must be considered when estimating the impacts of fire –
fire initially decreases net ecosystem productivity (NEP) and aboveground biomass, but in
most ecosystems of the Lake States, both net ecosystem productivity and biomass recover
quickly.
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•

Carbon dynamics are complex and driven by many factors such as soil temperature, site
productivity, plant phenology, burn timing, burn frequency and species composition.
Generally, total carbon stocks in natural communities remain stable under prescribed fire
management.

Lodi Marsh Wildlife Area / Photo Credit: Wisconsin DNR
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GRASSLANDS

Western Prairie Habitat Restoration Area / Photo Credit: Wisconsin DNR

Grasslands store 80 to 90% of ecosystem carbon in belowground pools as soil organic matter
(Adams et al. 1990, Neary and Leonard 2020). Temperate grasslands have 150% more carbon in
belowground pools than temperate forest belowground pools, with evidence that carbon storage
capacity in grasslands will increase with global warming (IPCC 2000).
Prescribed fires and wildfires in grasslands constitute a large portion of total annual acres burned in
North America (Morton et al. 2013) but do not contribute significantly to overall carbon dioxide
emissions (Wiedinmyer and Neff 2007). Fires in grasslands move rapidly with narrow flame fronts
and do not significantly impact belowground pools where most carbon is stored (Janowiak et al.
2017, Neary and Leonard 2020).
While burning grasslands emits carbon, fires stimulate plant growth by removing competition,
increasing light availability and stimulating soil bacteria that make nitrogen available for new
growth (Janowiak et al. 2017). Carbon released during prescribed fires is not the same as fossil
carbon released by burning gas. Atmospheric carbon that is released during prescribed burning is
subsequently reabsorbed over short periods of time both by new vegetation and through
sequestration in belowground carbon pools (Wilhelm 2000).
In temperate latitudes, aboveground plant biomass in grasslands senesces and decomposes,
releasing carbon annually but over a longer period than burning. Restoring degraded grasslands
globally could increase carbon sequestration by more than three gigatons of carbon per year (Lal
2009). Restored grasslands have been shown to increase carbon capture and sequestration even
under climate change scenarios (Janowiak et al. 2017, Yang et al. 2019). Fire exclusion may lead to
increased encroachment of woody shrubs, resulting in species composition changes that reduce soil
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carbon pools and native plant productivity (Briggs and Knapp 1995, Knapp et al. 2009, Jackson et al.
2002).

Key Takeaways
•

Prescribed fire consumes aboveground biomass releasing carbon dioxide but rarely impacts
belowground stocks where most carbon is stored in grasslands (Fischer et al. 2012, Neary and
Leonard 2020).

•

Prescribed fire impacts depend on fuel loads, species composition, fire frequency, burn
season, and climatic conditions before and after burning in grasslands (Anderson 2006,
MacNeil et al. 2008, Connell et al. 2020).

•

Prescribed fire enhances productivity and carbon sequestration in grasslands when
precipitation and soil moisture are sufficient (Gale et al. 1990, Heisler et al. 2004, Dai et al.
2006, Bremer and Ham 2010).

•

Periodic prescribed fires (e.g., 2-3 burns every five years) can maintain and increase total
ecosystem carbon in grasslands (Ansley et al. 2006, Anderson 2006, Bremer and Ham 2010).
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WETLANDS

Horicon Marsh Wildlife Area / Photo Credit: Wisconsin DNR

Wetlands in the Lake States are important carbon sinks, storing 42% of all carbon while covering
only 27% of the region. They are projected to continue sequestering more carbon per unit area than
all other ecosystems under climate change (Liu et al. 2014).
Approximately 60% of carbon in Lake States wetlands is stored in soil organic matter, with the
remainder in aboveground biomass (Liu et al. 2014). Practitioners have used prescribed fire in
wetlands since the early 1900s to promote the growth of desirable wetland vegetation, reduce dead
litter, create mixtures of wildlife habitats that include both open water and vegetated cover and
reduce risks of unpredictable wildfires (Stoddard 1931, Lynch 1941, Flores et al. 2011). Historical
evidence in the Lake States has shown that relatively frequent fires were important to wetland
development and maintenance (Sutheimer et al. 2021).
While low-severity surface fire during times of high soil moisture is beneficial to wetlands, globally,
climate change is contributing to increasing threats to wetlands due to destructive ground fires that
enter hydrologically altered wetlands soils and smolder for years, consuming and releasing massive
amounts of carbon (Dahl 2011, Angel et al. 2018).

Key Takeaways
•

Historically, surface fires were frequent in certain wetland types across North America,
including the Lake States (Heinselman et al. 1973, Neary et al. 2005, and Sutheimer et al.
2021).

•

Periodic low-intensity fire supports long-term carbon storage and minimizes carbon
emissions in wetlands when soils are wet enough to inhibit vertical movement of fire and
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vegetation is sufficiently dry to carry surface fire across the wetland (Neary et al. 2005,
Flanagan et al. 2020).
•

Pyrogenic carbon produced during low-severity fires in wetlands can be stored for thousands
of years belowground. Once incorporated into deep peat soils, it is resistant to
decomposition and release during subsequent fires (Flanagan et al. 2020).

•

Wildfires that move vertically into the soil can result in significant atmospheric carbon
emissions, e.g., smoldering ground fires can burn underground for months, reigniting as
surface fires long after initial ignition (Neary et al. 2005, Scholten et al. 2021).

7

FR-118-22

BARRENS AND SAVANNAS

Crex Meadows Wildlife Area / Photo Credit: Wisconsin DNR

Barrens and savannas are fire-dependent natural communities with a partial tree canopy of
primarily pine and oak with open areas dominated by herbaceous vegetation with a structure
resembling a transition between grasslands and forests (Chapter 7, WI DNR 2015). Barrens and
savannas are an especially important system for understanding carbon dynamics relative to
prescribed fire because prescribed fire is one of the primary management tools in these systems.
Carbon dynamics in barrens and savannas are similar to grasslands, particularly where trees' levels
of mortality with burning are low. Fire exclusion has contributed to barrens and savannas converting
to closed canopy hardwood forests throughout the Lake States. Prescribed fire is an increasingly
important tool for restoring ecosystem structure and function, including carbon sequestration in
above and belowground carbon pools (Quigley et al. 2020). Efficacy of prescribed fire in barrens and
savannas is dependent on fire frequency, current vegetative structure and species composition,
degree of land-use changes, and soil fertility (Quigley et al. 2020, La Puma et al. 2013).
The soil characteristics of glacial outwash sands across the Lake States make the use of prescribed
fire effective for restoring barrens and savanna habitats (Quigley et al. 2020). Barrens and savannas
are dependent on pyrogenic carbon (a general term for organic materials that have been subject to
partial combustion) produced during burning with much of this pyrogenic carbon stored in
belowground carbon pools for hundreds to thousands of years, contributing to net ecosystem
carbon sequestration, even when burned frequently (Pingree and DeLuca 2017).
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Key Takeaways
•

Barrens and savannas are resilient to fire, and carbon will continue to accumulate under
active fire management due to the adaptive capacity of dominant vegetation (Scheller et al.
2011).

•

Long-term carbon dynamics in barrens and savannas dominated by fire-adapted species are
minimally impacted under prescribed fire management at the landscape level, given
prescribed burn rotations allow sufficient time for carbon accumulation between fires (Clark
et al. 2015).

•

Prescribed fire initially decreases carbon stocks in barrens and savannas through the
consumption of surface fuels resulting in high concentrations of leachable nutrients in ash –
this ultimately helps maintain and restore these systems by limiting tree and shrub growth
(Quigley et al. 2019).

•

A comparison of carbon emissions from forest floor fuel consumption during prescribed
burning of barrens and savannas to wildfire carbon emissions showed a single wildfire can
emit two to three times more carbon than average annual emissions from prescribed burning
(Clark et al. 2010).
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NORTHERN AND SOUTHERN FORESTS

Kettle Moraine State Forest / Photo Credit: Wisconsin DNR

Roughly half of all terrestrial carbon in the Lake States is stored in forests, and of that carbon,
approximately 50% is stored belowground, approximately 37% in live trees and understory
vegetation, and approximately 13% is stored in dead wood and leaf litter on the forest floor (USDA
2004, Liu et al. 2014).
Across the U.S., increasing carbon dioxide concentrations over the last 50 years have maintained
eastern forests as carbon sinks (Birdsey et al. 2019), while in the western U.S., increasingly frequent
and severe wildfires are turning forests into carbon sources (North and Hurteau 2011, Birdsey et al.
2019).
Studies of large wildfires in the U.S. found that the use of prescribed fire could reduce carbon
dioxide emissions during wildfires by more than 50% and increase the effectiveness of suppression
efforts (Wiedinmyer and Hurteau 2010, Harris et al. 2021). Research and simulations in the midAtlantic region suggest that prescribed burning does not significantly alter short- or long-term
carbon sequestration at either stand or landscape scales and, in concert with fire suppression
activities, may reduce carbon losses associated with wildfires (Clark et al. 2014).
Outside of reducing carbon emissions from unplanned wildfires, the role of prescribed burning in
carbon dynamics is less clear. It requires an understanding of the dynamics of combustible biomass
pools over time, which are lacking in this region. Research suggests that across the U.S., as much
carbon is released from insect- and pathogen-killed trees as is released from forest fires (Kautz et
al. 2017). Prescribed fire has been shown to increase resistance to drought, pests and pathogens in
conifers (fir and pine species) and reduce the general mortality of trees (van Mantgem et al. 2021).
Prescribed burning may also reduce competition, increase target species' growth rates, and improve
aboveground and belowground ecosystem structures and functions. Prescribed fire has been found
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to maintain and promote carbon stability and mitigate long-term carbon emissions in forests
(Martin et al. 2015, Flanagan et al. 2019, Pellegrini et al. 2021) while creating resilient and resistant
forests by restoring forest structure (Earles et al. 2014, Martin et al. 2015). For example, in
southeastern pine forests, prescribed fire management resulted in greater aboveground storage and
less net carbon emissions than fire exclusion over 100-year intervals (Flanagan et al. 2019).
Generally, mature stands with fewer and larger diameter trees, within stands maintained by
frequent low-severity fire, take in more carbon over time than they release as trees accumulate
more carbon with increasing size (Xu et al. 2014, Stephenson et al. 2014). Small-tree carbon is
unstable and prone to shifting a stand’s major carbon stocks (Hurteau et al. 2019). During fire, a
portion of the burning vegetation and soil organic matter is also converted into charcoal, a
relatively stable form of pyrogenic carbon (Wiechmann et al. 2015).

Key Takeaways
•

Net carbon emissions from disturbances (harvest, pests, pathogens, severe weather events,
fire, etc.) are variable among forest types and forest carbon pools (Birdsey et al 2019, USDA
2013).

•

Prescribed fire reduces forest floor carbon stocks, minimally impacts forest overstories and
does not impact mineral soil in forest types that evolved with fire (Chiang et al. 2008, Nave et
al 2011, Miesel et al. 2012, Kolka et al. 2014).

•

Effective prescribed fire use in forests includes consideration of impacts of burning on longterm and short-term carbon cycles (Nave et al. 2011, Martin et al. 2015, James et al. 2018).

•

Prescribed fires emit less carbon dioxide than wildfires in forests (Flanagan et al. 2019).

•

Prescribed fire can reduce wildfire hazards and stabilize forests' carbon stocks when used
appropriately (Mickler et al. 2007, North et al. 2009, Clark et al. 2014, and Hurteau et al. 2019).
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