
 1

Northern Forests Climate Hub
U.S. DEPARTMENT OF AGRICULTURE

Effects of Fire on Ecosystem Carbon in the 
Midwest and Eastern United States
A Primer July 2024

Adrienne B. Keller, Michigan Technological University and Northern Institute of Applied Climate Science 
Stephen Handler, USDA Forest Service and Northern Institute of Applied Climate Science

Prior to European settlement, fire was a common disturbance across most of the Midwest and Eastern United States 
(Pyne 1982, Abrams 1992, Brose et al. 2014, Stambaugh et al. 2015). The frequency and intensity of fire disturbance 
varied across the region in accordance with climate, topography, vegetation, and management by indigenous people 
(Thomas-Van Gundy et al. 2020, Abrams and Nowacki 2021). In southern parts of the region, fire was widespread 
and promoted oak-dominated ecosystems. To the north of the ‘Tension Zone’, more localized burns (particularly 
on dry sandy soils and near indigenous populations) supported relatively more pine within the extensive mesic 
conifer-northern hardwood ecosystems (Fig, 1, Nowacki and Thomas-Van Gundy 2024). In the past century or more, 
widespread fire suppression has shifted the remaining forested ecosystems toward fire-sensitive, shade-tolerant 
vegetation and reduced landscape heterogeneity. Today, the Midwest and Northeast region is dominated by closed-
canopy hardwood forests and boasts greater tree density but smaller tree diameters compared to pre-European 
settlement (Nowacki and Abrams 2008). 

Figure 1—Map of the part of 
the Midwest and Northeast 
U.S. where data have been 
compiled to estimate the 
percentage of trees that are 
pyrophilic, or adapted to fire. 
A gradient from low pyrophilic 
percentage (green) to high 
pyrophilic percentage (red) is 
shown, with the tension zone 
indicated with a dashed line. 
This tension zone delineates 
where fire was historically 
more localized to the north 
and more widespread to the 
south. Figure from Nowacki 
and Thomas-Van Gundy 
2024, used with permission, 
Creative Commons Attribution 
4.0 International License.
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Today, prescribed fire is used as a management tool in combination with mechanical thinning to promote native, 
fire-tolerant species and reduce competition from native, fire-intolerant and non-native, invasive species. Prescribed 
fire and mechanical thinning are also conducted to reduce vulnerability to high-intensity, unplanned fires. Wildfires 
burn almost twice as much acreage compared to prescribed fire across the United States, although this pattern varies 
regionally (National Interagency Fire Center, n.d.).1 While it is challenging to precisely assess historical fire, it is widely 
accepted that the extent and frequency of fire in the region prior to European settlement was greater than it is today 
(e.g., Cleland et al. 2004, Nowacki and Abrams 2008, Eisenberg et al. 2024). Here, we discuss how prescribed fire affects 
ecosystem structure and function, with a primary focus on ecosystem carbon storage and sequestration. We highlight 
how effects may differ between prescribed fires and wildfires, as well as between different ecosystems.

Effects on Ecosystem Structure and Function
Fire is a key disturbance in many ecosystems given its effects on vegetation composition, structure, and successional 
dynamics. Fire directly affects vegetation by killing fire-intolerant species. In the absence of fire, shade- and moisture-
demanding plant species outcompete fire-tolerant taxa and reinforce site conditions that inhibit fire (e.g., cooler, 
wetter microclimates; less flammable fuel beds). Fire maintains or increases canopy openness in woody ecosystems 
and encourages diverse ground flora comprised of light-demanding forbs and grasses. Introducing prescribed fire to 
a site generally increases ground cover and plant species richness, particularly of native forbs and grasses (Phillips et 
al. 2007, Cook et al. 2008). Prescribed fire effects on vegetation are often stronger when combined with mechanical 
thinning (e.g., Lettow et al. 2014, Bowles et al. 2017, Bassett et al. 2020).

Fire alters nutrient cycling directly as well as indirectly via changes in plant productivity and community composition. 
Fire can release nutrients from soils into the atmosphere, concentrate and deposit nutrients in ash, or leave nutrients 
as part of incompletely burned biomass (which are then available for plant uptake following decomposition). Fire 
affects the availability of individual nutrients differently. Nitrogen gases are emitted at low temperatures while 
volatilization of phosphorus and cations, such as potassium and calcium, require very high temperatures which 
are rarely achieved in prescribed fire. As a result, high-intensity fires (typical of many wildfires) result in greater 
nutrient losses overall and proportionally greater losses of phosphorus and cations compared to prescribed and low-
intensity fires (Boerner 1982, Zhou et al. 2022). Prescribed or low-intensity fires also combust a smaller proportion 
of aboveground biomass and convert less nutrients to ash compared to high-intensity fires. Immediately post-fire, 
there is usually a spike in nitrogen availability that gradually declines due to plant uptake and erosion or leaching 
(Schlesinger and Bernhardt 2020). Repeated fire generally decreases soil nutrients due to reduced organic inputs and 
slowed decomposition (e.g., Ojima et al. 1994, Pellegrini et al. 2020), although this is not a universal rule. The plant 
community response to fire-induced changes in nutrient cycling depends on site fertility and plant composition. For 
example, long-term reduced nitrogen availability may increase the competitive advantage of native compared to non-
native plant species in systems adapted to low fertility soils. In other sites, reduced nitrogen availability can decrease 
diversity and productivity.

Effects on Ecosystem Carbon
Fire burns organic matter and releases carbon dioxide into the atmosphere, along with other greenhouse gases 
such as methane and nitrous oxide. As such, fire reduces ecosystem carbon storage and increases carbon flux to the 
atmosphere immediately post-burn. However, the effect of fire on total ecosystem carbon storage (pool size) and 
sequestration (rate of capturing and securing carbon in the ecosystem) over years to decades is more nuanced (Fig. 2). 
Assessing fire effects on ecosystem carbon requires consideration of the:

1 From 2010-2019, the average annual area burned by wildfire across the entire United States was 6,846,857 acres compared to 3,672,082 acres of 
prescribed burns. These data come from the National Interagency Fire Center (www.nifc.gov). 

http://www.nifc.gov
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• direct short-term effects of combustion on different 
carbon pools 

• time required to recover short-term carbon losses to 
pre-fire levels

• fire-induced changes in the a) carbon sequestration 
potential, b) turnover time (i.e., persistence) of carbon 
pools, and c) carbon vulnerability to future disturbances

• relative contribution of each carbon pool to total 
ecosystem carbon storage

Each of these points are detailed below. It bears emphasizing 
that in many cases prescribed fire has minimal effects on 
longer-term ecosystem carbon cycling.

Carbon Pools

Carbon is stored in different reservoirs, 
or ‘pools’, within an ecosystem. In upland 
ecosystems, carbon is commonly divided 
into five carbon pools: live aboveground 
biomass, live belowground biomass, 
dead standing biomass or downed woody 
debris, litter layer or forest floor, and soil. 
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Figure 2—Illustration of fire-dependent systems with prescribed fire and without fire. Frequent use of prescribed fire can 
help maintain a fire-dependent system (A–C), whereas long-term removal of fire from the landscape can result in significant 
changes in the microclimate and plant community (D).
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Immediately post-fire, total carbon storage decreases. Carbon stored in live and dead aboveground and litter layer 
pools decreases more in the short term compared to live belowground and soil carbon pools. Prescribed and low-
intensity fires primarily affect understory and ground layer vegetation which recover quickly post-fire (months to a few 
years). By contrast, high-intensity, stand-replacing fires have greater and longer-lasting effects on aboveground carbon 
storage in woody ecosystems as these pools take decades to recover. Without fire, this biomass would decompose, 
returning much of the carbon to the atmosphere over decades. For example, brush pile burning emits carbon to the 
atmosphere in one pulse. If the brush were left to decompose, roughly the same amount of carbon would be emitted 
to the atmosphere, but as a slow trickle over many years. 

The effect of fire on ecosystem carbon storage is dependent on the relative size of each carbon pool (Fig. 3). Because 
fire has a greater impact on aboveground (compared to belowground) carbon pools, temporary decreases in 
ecosystem carbon storage due to fire will be greater in systems that store a greater proportion of their carbon in 
aboveground woody tissues. For example, fire affects grassland carbon storage less than that of forests because 
grasslands store very little carbon aboveground and don’t have long-lived woody tissues. In forests, combustion of the 
understory will not dramatically affect forest carbon storage due to the small percentage of total ecosystem carbon 
this pool represents. Fires reduce forest floor carbon storage in some cases by more than 50%, with bigger decreases 
from wildfires compared to prescribed fires (Nave et al. 2011). However, forest mineral soil carbon stocks tend to be 
resistant to fire, suggesting that ecosystem carbon storage will be less impacted by fire in sites with deep mineral soils 
compared to shallow soil sites with thick forest floors or organic horizons. As such, carbon storage losses due to fire 
can be quite high in peatlands. 
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Figure 3—Comparison of relative and absolute carbon pool sizes between forest and grassland ecosystems. Pool sizes are 
estimates based on regional data from Jackson et al. 1996, Liu et al. 2012, Woodall et al. 2013, and Domke et al. 2016. Exact pool 
sizes vary across sites.
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Fire can also affect carbon sequestration potential, persistence, and vulnerability. Collectively these outcomes 
interact to determine longer-term carbon cycle consequences. In humid climates, vegetation regrowth is often rapid 
and can result in carbon sequestration rates that match or exceed pre-fire levels in just a few years (e.g., Chiang et al. 
2008). Through the process of pyrolysis, carbon molecules are altered and become more resistant to decomposition. 
Organic matter that, without fire, may have decomposed and emitted carbon dioxide to the atmosphere within 
decades can persist for centuries or more as pyrogenic carbon, or charcoal, in the soil post-fire (DeLuca and Aplet 
2008, Wang et al. 2016). Fire also affects an ecosystem’s carbon sequestration and storage potential indirectly by 
altering vegetation structure. Frequent fire in fire-adapted ecosystems can prevent woody encroachment. While 
woody biomass sequesters and holds more aboveground carbon than non-woody vegetation, such fires enhance 
landscape diversity which can reduce vulnerability to future disturbances and increase climate resilience (Frelich et 
al. 2020). Prescribed fire can also be employed to reduce the vulnerability of remaining ecosystem carbon to a stand-
replacing fire. For example, managers can design an initial low-intensity prescribed fire with tight parameters in a 
densely stocked stand as a first step toward subsequent fires with more variable intensity. Consequently, although 
prescribed fire may not maximize short-term carbon storage, it can support carbon benefits alongside other 
management goals while increasing ecosystem resiliency to drought. The suitability of prescribed fire for a given 
situation will depend upon the historic fire regime, current vegetation community, and management priorities.  

Prescribed Fire and Greenhouse Gas Mitigation Goals
Because fire emits carbon into the atmosphere through combustion, a common concern is that prescribed fire 
contributes to elevated atmospheric carbon dioxide levels and climate change. Scientific research counters this, 
showing that prescribed fire can support both greenhouse gas mitigation and climate adaptation goals. As described 
above, prescribed fire typically results in small ecosystem carbon losses that can be recovered relatively quickly and 
prescribed fire can increase stability of existing carbon pools (e.g., soil carbon) in some ecosystems. Therefore, the 
net effect of prescribed fire on atmospheric carbon dioxide is generally small to negligible. Additionally, research 
shows that using prescribed fire on the landscape can reduce the extent and intensity of subsequent wildfires 
(Hunter and Robles 2020). Large, high-intensity fires emit more greenhouse gases compared to small prescribed fires 
(Wiedinmyer and Hurteau 2010). Across a landscape, prescribed fire can reduce total ecosystem carbon losses due to 
fire disturbance while also increasing habitat patchiness and biodiversity. 

Considerations for Evaluating the Effects of Management on 
Ecosystem Carbon
Several main points emerge from the discussion above that can help natural resource professionals consider how 
prescribed fire will affect ecosystem carbon on a site:

• The current extent and frequency of prescribed fire generally remains below that of historical fire regimes in 
the region.

• Carbon naturally cycles through an ecosystem. Fire accelerates how quickly carbon in plant biomass returns to 
the atmosphere. 

• The effects of fire on total ecosystem carbon are related to the relative size of the carbon pools most affected, 
as well as how quickly those carbon pools naturally cycle. 

• Fire is most detrimental to greenhouse gas mitigation goals in situations where fire significantly decreases 
carbon pools that store a lot of carbon for long periods of time and don’t quickly accrue carbon. 

• The reintroduction of low-intensity fire can be an important tool for supporting effective climate change 
adaptation in many landscapes. Its application can be used to both reduce climate change impacts and to 
restore and enhance ecosystem services that are promoted by fire.  
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