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In this review, we summarize the potential impacts of climate change on wildfire activity in the mid-
Atlantic region, and then consider how the beneficial uses of prescribed fire could conflict with mitigation
needs for climate change, focusing on patters of carbon (C) sequestration by forests in the region. We use
a synthesis of field studies, eddy flux tower measurements, and simulation studies to evaluate how the
use of prescribed fire affects short- and long-term forest C dynamics. Climate change may create weather
conditions more conducive to wildfire activity, but successional changes in forest composition, altered
gap dynamics, reduced understory and forest floor fuels, and fire suppression will likely continue to limit
wildfire occurrence and severity throughout the region. Prescribed burning is the only major viable
option that land managers have for reducing hazardous fuels in a cost-effective manner, or ensuring
the regeneration and maintenance of fire-dependent species. Field measurements and model simulations
indicate that consumption of fine fuels on the forest floor and understory vegetation during most pre-
scribed burns is equivalent to <1–3 years of sequestered C, and depends on pre-burn fuel loading and
burn intensity. Overstory tree mortality is typically low, and stands have somewhat reduced daytime
C uptake during the next growing season following burns, but may also have reduced rates of ecosystem
respiration. On an annual basis, net ecosystem productivity is negative the first year when consumption
losses are included, but then positive in following years, and stands can reach C neutrality within
<2–3 years. Field data and model simulations suggest that increases in prescribed burning in fire-prone
areas would have little appreciable effect on long-term forest C dynamics in some fire-prone forest types.
Large-scale conversion to young pine plantations for fiber and biofuels will potentially increase the risk of
wildfires, as had occurred previously in the late-19th and early-20th centuries in the region.

Published by Elsevier B.V.
1. Introduction

Wildfire occurrence and severity are driven by a variety of
factors, including climate and weather conditions (Liu et al.,
2013; Morton et al., 2013; Potter, 2012), fuel loading and arrange-
ment (Agee and Skinner, 2005; Ottmar et al., 2007; Rollins, 2009),
and natural and human-caused ignitions (Hawbaker et al., 2013).
Climate change may have a major impact on wildfire activity
(Hessl, 2011), and increases have been projected for a number of
regions in North America (Liu et al., 2013). In contrast to the
Western US and Canada, where changes in climate are projected
to significantly increase the frequency and area burned by wildfires
(Spracklen et al., 2009; Westerling et al., 2006; Wimberly and
Kennedy, this issue; Wotton et al., 2010), wildfire activity has been
relatively low and only moderate increases are projected for the
mid-Atlantic region (Liu et al., 2013; Morton et al., 2013; NIFC,
2013). Forest recovery following agricultural abandonment (Pan
et al., 2011), successional trends towards older, more mesic,
closed-canopy forests (Abrams, 2003; Little, 1979; Nowacki and
Abrams, 2008), and less flammable fuel beds in the understory
and litter layer (Kreye et al., 2013) have reduced wildfire size
and severity considerably compared to historic fire regimes and
the regional peak in the late 1800’s and early 1900’s (Brose et al.,
2013a; Forman and Boerner, 1981; Little, 1979). Wildfire suppres-
sion activities are facilitated by the extensive road network that
exists in the region (Forman and Boerner, 1981; Scheller et al.,
2011), and complex spatial patterns of land use, forest ownership
and forest fragmentation (Drummond and Loveland, 2010) will
likely continue to constrain the spread of wildfires in the region.
These factors could moderate any potential increases in enhanced
fire weather conditions, drought, potential changes to forest struc-
ture and fuel loading due to insect invasions, and other stresses
associated with climate change in the mid-Atlantic region.

In addition to direct suppression activities, prescribed fire is the
primary management practice used by agencies to mitigate
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wildland fires in the mid-Atlantic region. Prescribed burning is the
most cost-effective method for reducing hazardous fuels in areas
such as the New Jersey Pinelands National Reserve, where it has
been used for this purpose since the late 1930’s (Clark et al.,
2009; Little and Moore, 1949; NJFFS, 2006). More recently, pre-
scribed fire use has been expanded to restore historic fire regimes
and encourage the regeneration of canopy oaks (Quercus spp.) and
other fire-tolerant species in the region (Arthur et al., 2012; Brose
et al., 2013b; Hutchinson et al., 2012). Benefits of reintroducing fire
on the landscape for the maintenance of biodiversity are well-
established (e.g., Fan et al., 2012; Jordan et al., 2003; Phillips
et al., 2012). In some forests, early-successional species are largely
dependent on the occurrence of frequent, low intensity fires
(Burton et al., 2011; Jordan et al., 2003), prompting efforts for
the reintroduction of fire on forested landscapes throughout the
mid-Atlantic (Nowacki and Abrams, 2008; Phillips et al., 2012).
However, a more liberal ‘‘let it burn’’ policy for wildland fire use
cannot be considered a viable management option in the region,
because of high population densities, proximities to urban popula-
tion centers, the extent of wildland urban interface (WUI)
areas, legal liability issues, aesthetic concerns and the emissions
of fine particulates (PM 2.5) and other pollutants in or near non-
attainment areas (Urbanski, 2014).

Wildland fire management strategies, including a suppression-
only strategy, are directly linked to the storage of carbon (C) on
the landscape, and can affect the emissions of carbon dioxide
(CO2) and other greenhouse gasses, leading to potential feedbacks
with climate change (Urbanski, 2014, Weise and Wright, 2014).
Forests will continue to play a key role in C storage and sequestra-
tion throughout the region (He et al., 2012; Pan et al., 2011; Woo-
dall et al., 2013), and obvious conflicts exist between the use of
prescribed fire and the management of forests to mitigate climate
change by maximizing rates of C sequestration (e.g., Loehman
et al., 2014). For example, a prescribed fire will result in a short-
term flux of CO2 and other greenhouse gasses to the atmosphere
during fuel combustion, as well as reduced rates of C sequestration
during stand recovery, but may prevent the occurrence of a high-
intensity wildland fire that would result in a much greater alter-
ation to C pools and longer-term impacts to forest productivity.
Forest managers will likely be required to formally evaluate the
trade-offs between the short- and long-term impacts of fire man-
agement strategies on both forest C pools and sequestration rates
in the near future. Therefore, a better understanding of the overall
spatial and temporal effects of fire management in the mid-Atlan-
tic is critical for maximizing the benefits of fire for hazardous fuel
reduction, maintaining biodiversity, and ecosystem functioning,
while minimizing impacts on long-term rates of C sequestration
to mitigate climate change.

Research efforts in eastern forests indicate that prescribed
burning has relatively minor effects on overstory tree mortality
(Hutchinson et al., 2005, 2012; Skowronski et al., 2007; Stephens
et al., 2012), and aboveground biomass (Chiang et al., 2008). Single
and repeated prescribed burns can reduce sapling and seedling
density, but also can have the desired effect of stimulating regen-
eration of fire-tolerant species, depending on fire intensity and sea-
sonality (Brose, 2010; Brose et al., 2013b; Hutchinson et al., 2012;
Waldrop et al., 2010). Several studies have illustrated that initial
consumption losses from the forest floor and understory vegeta-
tion total less than 5 Mg C ha�1 during prescribed fires, after which
C storage in vegetation is not strongly affected (Boerner et al.,
2008; Clark et al., 2009, 2010a; Chiang et al., 2008; Skowronski
et al., 2007). Little appreciable long-term effects on forest floor
mass, coarse wood or standing dead trees have been observed in
a number of studies in oak-dominated stands (Boerner et al.,
2009; Hartman, 2004; Polo et al., 2013; Waldrop et al., 2010). Litter
layer composition may change through time with repeated
burning, resulting in a reduction in fine litter and an increase in
woody fuels (Hartman, 2004; Waldrop et al., 2010). Prescribed
burning also has little effect on soil organic matter and nitrogen
(N) content (Boerner et al., 2009; Hubbard et al., 2004; Nave
et al., 2011; Neill et al., 2007; Wang et al., 2012), unless burns
are conducted very frequently (Williams et al., 2012). Decreases
in soil microbial biomass and microbial N can occur following
burning, leading to reduced N mineralization (Gray and Dighton,
2009; Wang et al., 2012), but in other studies little effect of burning
on soil microbial properties has been reported, even under fre-
quent burning treatments (Williams et al., 2012). The short-term
effects prescribed fires on ecosystem CO2 flux immediately follow-
ing prescribed fires, and the longer-term impacts of fire manage-
ment on rates of C sequestration are not as well characterized. In
this review, we use the results of climate simulations, field mea-
surements of fuel loading and consumption, net exchange of CO2

measured from flux towers before and after prescribed burn treat-
ments, and model simulations to evaluate current and future uses
of prescribed fire in the mid-Atlantic. We focus on the trade-offs
between hazardous fuel reduction and C sequestration in wild-
fire-prone forest types, and extend some of our conclusions to
the use of prescribed fire to restore historic fire regimes in oak-
dominated stands in the region. Our objectives are: (1) to summa-
rize the effects of projected climate change on wildfire activity in
the mid-Atlantic over the next 50 years, and highlight some of
the uncertainties with current projections, and (2) to evaluate
the potential short- and long-term impacts of fire management
activities on forest C dynamics in selected forest types in the
mid-Atlantic region.
2. Regional description and background

The mid-Atlantic region includes four physiographic provinces;
Coastal Plain, Piedmont, Ridge and Valley, and Plateau. Interactions
between climate, geology, and geologic history have led to high
species diversity in the region, with tree diversity alone totaling
at least 135 species (www.fia.gov; Prasad et al., 2011). Dominant
forest types are oak-hickory, N. hardwood, mixed pine and oak-
pine (Phillips et al., 2012; www.fia.gov). Forests currently cover
64% of the mid-Atlantic, and are concentrated in western Virginia,
eastern W. Virginia, northwestern Pennsylvania, portions of south-
ern and northern New Jersey, and southern and eastern New York.
Nearly all large contiguous tracts of forest contain too many roads
to be considered wilderness, although some areas are >90% for-
ested. Changes from historic fire regimes and regeneration follow-
ing extensive deforestation in the 1800’s are having profound
effects on forest structure and composition throughout the mid-
Atlantic (Brose et al., 2013a; Forman and Boerner, 1981; Nowacki
and Abrams, 2008; Phillips et al., 2012). Fire suppression activities,
in concert with intense grazing pressure by white-tail deer (Odo-
coileus virginianus) (Nuttle et al., 2013), defoliation by Gypsy moth
(Lymantria dispar L.), changes in gap dynamics (Buchanan and Hart,
2012; Nuttle et al., 2013) as well as other factors, have reduced the
regeneration of oaks and other fire-tolerant species, and is favoring
the regeneration of more mesic species across the region (e.g.,
Abrams, 2003; Royse et al., 2010; Woodall et al., 2013). Many of
the resultant closed-canopy forests have relatively low understory
biomass, high fine litter turnover rates (Piatek et al., 2010), and low
surface fuel loads (Graham and McCarthy, 2006; Waldrop et al.,
2007) consisting of less flammable litter (Kreye et al., 2013).

Pine-dominated, oak-pine, and to a lesser extent oak-hickory
forests continue to be the most wildfire prone forests in the mid-
Atlantic, and are typically the focus of fire management activities.
New Jersey and Virginia currently have the highest number of
wildfire ignitions, and Virginia, W. Virginia, and New Jersey have

http://www.fia.gov
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the greatest areas burned annually by wildfires, averaging
14.7 ± 11.3, 8.6 ± 4.6, and 5.7 ± 7.6 km�2 year�1, respectively, from
2001 to 2010 (NIFC, 2013). Nearly all wildfires in mid-Atlantic re-
gion are caused by humans; from 2001 to 2010, lightning caused
an average of only 2.1% of all wildfire ignitions in the region, and
accounted for only 7.8% of acres burned in wildfires (NIFC, 2013).
Wildfire occurrence in the mid-Atlantic typically peaks in spring
and secondarily in fall. Precipitation occurs in all months, and wild-
fire activity is linked to variation in daily precipitation and the pas-
sage of strong cold fronts from northwest, when mean wind speeds
tend to be higher and relative humidity lower (Fig. 1; Lafon and
Quiring, 2012; Pollina et al., 2013). Higher wind speeds, relatively
high atmospheric vapor pressure deficits, and high amounts of
available energy on the forest floor during leafless periods result
in high evaporative demand and rapid drying of surface fuels
(Fig. 1a–e), especially when associated with the penetration of
dry, stratospheric air following strong cold fronts (Clark et al.,
2012; Pollina et al., 2013). Heilman and Bian (2010) have shown
a positive link between atmospheric turbulence, expressed as tur-
bulent kinetic energy (TKE), and erratic fire behavior during wild-
fires in the mid-Atlantic. The spring peak in wildfire activity also
corresponds to the seasonal depression in moisture content of
pitch pine (Pinus rigida Mill.) foliage in the spring (Grima, 2009;
Fig. 1f). Prescribed fires in the mid-Atlantic averaged 74% of total
W
in

ds
pe

ed
 (m

s
-1

)

0

2

4

6

8

10

12

Mean  
Maximum

R
el

at
iv

e 
hu

m
id

ity
 (%

)

20

30

40

50

60

70

Month
J F M A M J J A S O N D

A
va

ila
bl

e 
en

er
gy

 (W
m

-2
)

0

100

200

300

400

500

600

(a)

(b)

(c)

Fig. 1. Meteorological variables collected from fire weather and eddy flux towers in the
NOAA statewide datasets from 1983 to 2012 (monthly precipitation values): (a) Daily me
at 13:00, (c) available energy (W m�2), calculated as net radiation – (soil heat flux + he
Virginia, West Virginia, and southern New Jersey, (e) daily 10-h fuel moisture content
collected at two sites in the New Jersey Pinelands (% of dry mass; USFS, pers. comm.). S
area burned in wildfires from 2001 to 2010, and are typically
dormant-season burns conducted in the late winter and early
spring. The greatest number of prescribed burns are conducted in
New Jersey (112 ± 50 year�1) , and New Jersey is second in the
mid-Atlantic for area burned in prescribed fires behind Virginia,
totaling 10.4 ± 6.2 and 13.4 ± 6.4 km2 year�1, respectively (NIFC,
2013).
3. Climate scenarios and future wildfire occurrence

Liu et al. (2013) used dynamically downscaled climate data
from North American Regional Climate Change Assessment Pro-
gram based on projections using the Hadley Center Climate Model
(HadCM3) A2 emission scenario to predict seasonal changes in
maximum daily temperature, precipitation depth, and the
Keetch-Byran drought index (KBDI), computed based on daily pre-
cipitation and maximum temperature. Changes in seasonal maxi-
mum air temperature, precipitation and KBDI were mapped on a
0.5 degree grid for 2000–2060 in the mid-Atlantic region (Liu
et al., 2013; Miniat et al., this issue). Projected changes in maxi-
mum temperature are highest during the summer months,
although fall and winter average temperatures also show an in-
crease. Precipitation is projected to increase along the coast during
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all seasons, but areas in Pennsylvania are projected to be drier in
spring through fall, and West Virginia is drier during the fall. KBDI
is projected to change little during the spring wildfire season, and
increases significantly across the region during the summer and
fall.

A number of variables which play major roles in the occurrence
of wildfires in the mid-Atlantic are not captured by current climate
change projections (e.g., Fig. 1). For example, higher atmospheric
humidity levels have been predicted for the northern and coastal
portions of the region (Anderson et al., 2010). Any changes in
tropical storm activity in the N. Atlantic basin, which will affect
summer and fall precipitation and fuel moisture contents across
the region (e.g., Lafon and Quiring, 2012), are difficult to predict
with any accuracy. To begin to resolve some of these uncertainties
in climate change projections, Scheller et al. (2012) coupled the
HadCM3 A2 emissions scenario with the Dynamic Fire and Fuel
System (Sturtevant et al., 2009) and appropriate fuel and fire
behavior models (Scott and Burgan, 2005) to understand the
potential impact that future climate would have on wildfire spread
or fire severity in the New Jersey Pinelands. They predicted little
change in wildfire severity or area burned, because of somewhat
higher spring and summer precipitation, and fewer prolonged
droughts later in their simulations, despite increases in air temper-
ature. Scheller et al. (2012) suggested that only substantial changes
in the climatic conditions shown in Fig. 1 would likely create
conditions leading to significantly greater wildfire activity in the
Pinelands.
4. Fire management, forest productivity, and mitigation needs

Prescribed fire use poses similar challenges for forest managers
in the mid-Atlantic region as in other wildfire-prone areas, where
tradeoffs exist between conducting hazardous fuel reduction treat-
ments and wildfire risk. In the absence of major increases in wild-
fire activity, prescribed fire use will also be the major viable, cost-
effective alternative managers have for promoting the positive
benefits of fire for maintaining biodiversity and ecosystem func-
tioning in the region. However, in addition to weather and financial
constraints, high population densities and the close proximity of
non-attainment areas for fine particulates (PM 2.5), ozone, and
other pollutants can further limit the ability of managers to con-
duct prescribed burns (Clark et al., 2010a; Ryan et al., 2013; Urban-
ski, 2014). In the future, it will be necessary for forest managers to
carefully manage smoke emissions, and they will likely be required
to evaluate impacts of fire use on CO2 emissions and rates of C
sequestration by forests following prescribed burns. In the follow-
ing section, we review current and future estimates of C sequestra-
tion by the major forest types, estimate rates of C release during
prescribed burn treatments, and consider how fire management
activities potentially affect current and future forest C dynamics
in wildfire-prone areas in the mid-Atlantic region.

The ability of forests to sequester C and provide other ecosys-
tem services is contingent upon past land use and disturbance
Table 1
Estimates of net primary production (NPP, Mg C ha�1 year�1) and net ecosystem production
derived from FIA forest inventories, PnET CN simulations, and eddy flux towers, and repre

Variable Oak – pine Mixed pine

NPP (Mg C ha�1 year�1)
FIA data 4.2 ± 0.5 3.8 ± 0.6
PnET CN model 4.3 ± 0.3 3.6 ± 0.4

NEP (Mg C ha�1 year�1)
FIA data 1.2–1.7 1.0–1.6
Eddy flux tower 1.0–1.9 1.6–2.0
history (Amiro et al., 2010; Kasischke et al., 2013), stand age
(Pan et al., 2011), and management activities (Bracho et al.,
2012; Noormets et al., 2012). Since agricultural abandonment,
regenerating forests in the mid-Atlantic have been moderate to
strong sinks for atmospheric CO2 (Jenkins et al., 2001; Pan et al.,
2006, 2009, 2011). Overall sink strength will likely decline slowly
as stands age across the region (Pan et al., 2011; Medvigy et al.,
2012; Scheller et al., 2012), with productivity declining more
rapidly for conifer-dominated than hardwood-dominated stands
(He et al., 2012). Current forest disturbance rates are relatively
low in the mid-Atlantic compared to other regions in the US
(Woodall et al., 2013), and are driven primarily by wind damage
(Vanderwel et al., 2013) and secondarily by insect damage (Clark
et al., 2010a; Hicke et al., 2012; Medvigy et al., 2012), and forest
harvesting. At the regional scale, estimates of forest productivity
based on FIA data are consistent with predictions from several pro-
cess-based models (Jenkins et al., 2001; Miao et al., 2011; Pan et al.,
2006, 2009, 2011; Table 1). Estimates of net primary production
(NPP) and net ecosystem production (NEP) for modal age forests
(60–90 years old) across the region are highest for oak – hickory
stands and lowest for pine-dominated stands (Table 1). When
averaged across all stand types in the mid-Atlantic, current annual
NEP estimates range from 1.2 to 1.6 Mg C ha�1 year�1 in undis-
turbed stands, and 1.6 to 1.9 Mg C ha�1 year�1 in stands recovering
from disturbance, depending upon N and ozone deposition scenar-
ios (Pan et al., 2009). NEP estimates derived from process-based
models and FIA data are consistent with eddy flux measurements
in oak-pine and pine-dominated stands in the NJ Pinelands
(Pan et al., 2006; Clark et al., 2010b, unpubl. data; Table 1), and
we use all three sources for baseline, pre-fire estimates of produc-
tivity for selected stands.

Accurate C accounting during wildfires or prescribed burns re-
quires an estimation of the amount of fuel consumed, either de-
rived from pre- and post-burn C pools from field measurements
(Keane, 2013; Ottmar et al., 2007; Weise and Wright, 2014), fuel
loading models (French et al., 2011; Lutes et al., 2009; Scott and
Burgan, 2005), and/or remote sensing techniques (Skowronski
et al., 2007, 2011). A number of studies have quantified fuel load-
ing specifically for mid-Atlantic forest types before prescribed fires
were conducted (e.g., Brose, 2009; Clark et al., 2009, 2010b; Skow-
ronski et al., 2011; Wright et al., 2007). Recently-developed fuel
and fire effects models are appropriate for forests in the region
(Lutes et al., 2009; Scott and Burgan, 2005), and have been used
to simulate C losses during prescribed burns and wildfires (Scheller
et al., 2011). Fine litter and 1-h + 10-h woody fuels on the forest
floor, which comprise the majority of fuels consumed in prescribed
fires, are in a near steady-state condition in many forest across the
region, because litterfall production approximately equals decom-
position (Graham and McCarthy, 2006; Waldrop et al., 2007). Few-
er studies have measured fuel consumption during prescribed fires
in forest types characterizing the mid-Atlantic (Clark et al., 2009,
2010a; Hartman, 2004; Waldrop et al., 2010). In the Fire and Fuels
Surrogate (FFS) study, Waldrop et al. (2010) reported that pre-
scribed fires reduced fine fuels on the forest floor by approx.
(NEP, Mg C ha�1 year�1) for selected forest types in the mid-Atlantic region. Data are
sent the modal age class for each forest type across the region.

Oak – hickory Source

4.6 ± 0.5 www.fia.gov
5.0 ± 0.5 Pan et al. (2009, 2011)

1.7–2.1 Pan et al. (2011)
– Clark et al. (2010b)

http://www.fia.gov
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3 Mg C ha�1 (80% of the total loading), while little change occurred
to 1-h, 10-h and 100-h fuels. Clark et al. (2009, 2010a) estimated
that consumption of litter and 1-h + 10-h fuels during 24 opera-
tional prescribed fires conducted in the New Jersey Pinelands
was a strong function of initial fuel loading on the forest floor,
and averaged 2.9 ± 1.5 Mg C ha�1 loss across a range of fuel load-
ings and forest types (Fig. 2). In both studies, consumption losses
represent ca. 2 years of sequestered C, assuming a NEP of
1.5 t Mg C ha�1 year�1 for annual landscape-scale C sequestration
(Table 1). Pre- and post-burn LiDAR acquisitions, calibrated with
field plots, have also been used to estimate consumption of under-
story vegetation during single and repeated prescribed burns
(Skowronski et al., 2007; Clark et al., 2009). In larger prescribed
fires, MODIS fireline intensity and radiant energy flux may be
appropriate for estimating combustion losses, although most fires
would be too small to detect reliably.

Following prescribed burns, recovery of NEP and evapotranspira-
tion (Et) are strongly linked to the retention and subsequent expan-
sion of leaf area and foliar N content (Clark et al., 2012; Pan et al.,
2004; Reich, 2012). If significant crowning occurs, leaf area is con-
sumed and overstory litterfall can be reduced during the year of
the burn, whereas crown scorching reduces live foliage mass and
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± 1 SD. Details of the site are in Clark et al. (2010, 2012).
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incident light (PPFD; lmol m�2 s�1). Details of each site and data processing
procedures are in Clark et al. (2010b, 2012).

Table 2
Coefficients for the relationship between incident light (PPFD, lmol m�2 s�1) and net
ecosystem production (lmol CO2 m�2 s�1) from June 1 to August 31 pre- and post-
burn at pine-oak and pine-scrub oak stands in the New Jersey Pinelands shown in
Fig. 4. Data were fit to – NEP = (aPPFD Fmax/aPPFD + Fmax) � R. All models are
significant at P < 0.0001. Data are from Clark et al. (2010a), unpubl. data.

Site/year a Fmax R r2 F

a. Pine – oak stand burned in 2006
Pre-burn 0.038 ± 0.002 31.70 ± 0.73 5.61 ± 0.28 0.651 921
Post-burn 0.042 ± 0.002 22.85 ± 0.40 6.06 ± 0.27 0.607 566

b. Pine – scrub oak stand burned in 2008
Pre-burn 0.059 ± 0.003 29.09 ± 0.39 7.34 ± 0.27 0.718 1853
Post-burn 0.051 ± 0.004 20.93 ± 1.30 6.28 ± 0.29 0.555 994

c. Pine – scrub oak stand burned in 2013
Pre-burn 0.064 ± 0.004 33.47 ± 0.51 8.64 ± 0.36 0.665 1794
Post-burn 0.058 ± 0.004 31.36 ± 0.80 7.76 ± 0.34 0.607 861
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shifts the timing of litterfall to earlier in the season (e.g., Fig. 3). In
some pine- and oak-dominated stands, leaf area can recover rapidly
following fires because of epicormic budding, such as in stands dom-
inated by pitch and shortleaf pine (Pinus echinata Mill.), and rapid
resprouting of oaks and understory shrubs. Dormant season burns
in mixed-oak stands can have minimal effect on canopy leaf area
during the following growing season, or litterfall totals by the end
of the growing season (Boerner et al., 1988; Hubbard et al., 2004).
A variety of remote sensing techniques are available to forest manag-
ers to assess rates of leaf area recovery, including NDVI estimates
from LANDSAT and MODIS imagery (e.g., Pan et al., 2006), and LiDAR
techniques (Skowronski et al., 2011).

Following initial consumption losses of fine fuels on the forest
floor, forest floor mass can recover to pre-burn levels relatively
rapidly, depending on burn intensity (Boerner et al., 2008;
Hartman, 2004; Waldrop et al., 2010). Hartman (2004) docu-
mented minimal changes to total forest floor mass, but a decrease
in fine litter and an increase in 1-h, 10-h and 100-h fuels over a
five-year period with two, three, or five prescribed fires conducted
in oak-hickory and oak-pine stands. Boerner et al. (2008) reported
that forest floor C returned to pre-burn levels within 2 years
following a prescribed burn in an oak-hickory stand in the FFS
study. Waldrop et al. (2010) reported that fine fuel mass had recov-
ered to pre-burn levels after 3 years, while little change occurred to
1-h, 10-h and 100-h fuels during two prescribed fires conducted
over a 6 years period in an oak-hickory stand. The effects of
repeated prescribed burning over a ten-year period in a pine-dom-
inated stand in the NJ Pinelands are consistent with results from
the FFS study (Boerner et al., 2008; Waldrop et al., 2010; Fig. 3). To-
tal fuel loading (litter, 1-h, 10-h, 100-h, and shrubs and understory
oaks) was 10.3 ± 1.5 Mg C ha�1 before the first burn conducted in
March 2008, and 7.4 ± 0.8 Mg C ha�1 before the second burn con-
ducted in March 2013. Total fuel loading was 6.0 ± 1.4 and
2.2 ± 0.4 Mg C ha�1 immediately after each burn, indicating
consumption losses of 4.3 and 5.2 Mg C ha�1, respectively. In the
first prescribed burn, some crown consumption occurred, and fine
litterfall from the overstory during the following growing season
was reduced, after which no effects on overstory litterfall amounts
were observed. Prescribed burning killed a large majority of above-
ground stems of shrubs and scrub oaks but did not consume them,
and understory leaf area recovered rapidly to pre-burn values dur-
ing the following growing season (Fig. 3). Inputs of fine and woody
litter to the forest floor were similar to pre-burn levels the year fol-
lowing the burn, but resulted in a slightly reduced accumulation
rate of fine litter, possibly because of higher decomposition rates.
Overall, results from a number of studies documenting the effects
of prescribed fires conducted in mid-Atlantic forest types suggest
that C pools on the forest floor and in understory vegetation can
recover relatively rapidly following initial consumption losses.

In the few prescribed burns conducted at carbon flux tower
sites, daytime and nighttime rates of net CO2 exchange have recov-
ered rapidly following each burn (Clark et al., 2010a,b, Whelan
et al., 2013). For example, half-hourly daytime NEP at near-full
sunlight conditions averaged 79% of pre-burn fluxes during the
summer growing season (July–August) following spring burns in
the New Jersey Pinelands (Fig. 4, and Table 2). Following initial
combustion losses, ecosystem respiration was reduced immedi-
ately after the burn, and during the following growing season
was similar to pre-burn periods for two of the three fires (Table 3).
Using BiomBGC to simulate the effects of prescribed fires in the NJ
Pinelands, Miao et al. (2011) suggested that decreased ecosystem
respiration was due to lower litter and forest floor mass following
fires, reducing decomposition. If prescribed burns are hot
enough to cause crown scorch of pines, then foliar respiration will
also be reduced (Renninger et al., 2013; Whelan et al., 2013;
Table 3). On an annual time scale, pre-burn annual NEP at the
pine-dominated stand shown in Figs. 3, 4b and 5 averaged
1.8 t C ha�1 year�1 before the burn, 26% of pre-burn values the year
of the burn, 47% the first year following the burn, and was then
similar to pre-burn periods during the second year following the



Table 3
Eddy covariance measurements of half-hourly nighttime NEP and evapotranspiration for pre- and post-prescribed burn periods during the
summer (June 1–August 31) at pine-oak and pine-dominated stands in the NJ Pinelands. Post-burn values are the summer following spring
prescribed burns. Values are means ± 1 SD.

Stand Night time NEP (lmol CO2 m�2 s�1) Evapotranspiration (mm day�1)

Pre-burn Post-burn Pre-burn Post-burn

Pine-oak �4.6 ± 1.7 �4.2 ± 1.9 3.3 ± 1.2 2.4 ± 0.9
Pine-scrub oak �5.0 ± 3.0 �4.9 ± 2.1 3.8 ± 1.4 3.2 ± 0.9
Pine-scrub oak �7.8 ± 5.1 �8.1 ± 3.7 4.3 ± 1.3 3.8 ± 1.4
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Fig. 5. Synthesis of measured and modeled sequences of NEP before, during and
following prescribed fires in pine-dominated, oak-dominated, and mixed stands in
the New Jersey Pinelands. Consumption losses were estimated from field data
collected at each burn (e.g., Fig. 2; means ± 1 SE). Pre- and post-burn values with
error bars are from gap-filled annual flux measurements of NEEc (Clark et al., 2010b,
unpubl. data) and simulated values are from BiomBGC (adapted from Miao et al.
(2011)).
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burn (Clark et al., 2010b, unpubl. data., triangle symbols in Fig. 5).
Despite consumption losses towards the high end of the range
shown in Fig. 2 and reduced rates of NEP during recovery, the stand
reached C neutrality after 3 years, and then began to accumulate C
at pre-burn levels. Simulations using BiomBGC also indicated
that NEP would recover rapidly following prescribed burns in
oak-dominated and mixed pine-oak stands, reaching C neutrality
in 2 and 3 years, respectively (Miao et al., 2011; Fig. 5). In simula-
tions by Miao et al. (2011), an oak-dominated stand recovered
more rapidly from dormant-season prescribed burns than mixed
or pine-dominated stands, likely because of lower flame lengths
and less consumption of forest floor, and minimal crown scorch
in the oak-dominated stand. More intense prescribed fires will
likely result in longer recovery times, especially in conifer-domi-
nated stands with longer leaf life-spans. For example, PnET CN sim-
ulations for Jack pine (Pinus banksiana Lamb.) stands suggest that
increased crowning fire frequency would result in lower NEP and
NPP (Peters et al., 2013). The rapid recovery following prescribed
fires described above contrasts somewhat with results reported
by Whelan et al. (2013), who observed that half-hourly NEP in me-
sic, intermediate and xeric longleaf pine (Pinus palustris Mill.)
stands recovered to pre-burn levels within 2 months of prescribed
burns, but annual NEP values indicated that only the mesic stand
sequestered C, while the intermediate and xeric stands lost C. It
is notable that extreme drought affected NEP rates in all three
stands in the years following the prescribed burns reported by
Whelan et al. (2013). Following prescribed fires in pine and pine-
oak stands, evapotranspiration rates also recovered rapidly, with
Et during the growing season representing 82% of pre-burn values
the year of the burn, and then similar to pre-burn periods in the
following years (Table 3; Clark et al., 2012). Rapid recovery of Et
also occurred following prescribed burns in the longleaf pine
stands, with annual values reduced only during the first year fol-
lowing fires (G. Starr, pers. comm.). In the pine – scrub oak stand
shown in Figs. 3, 4b and 5, ecosystem water use efficiency (WUEe,
defined as GEP/Et during dry canopy conditions) in the summer in-
creased slightly, likely due to a fertilizer effect from the pyromin-
eralization of the forest floor and understory vegetation (Boerner
et al., 1988; Gray and Dighton, 2006; Renninger et al., 2013). For
example, Boerner et al. (1988) show higher foliar phosphorus
and calcium contents in white oak (Quercus alba L.) and chestnut
oak (Quercus prinus L.) following prescribed burning relative to
unburned individuals. Renninger et al. (2013) observed that pre-
scribed burning resulted in higher photosynthetic rates, greater
productivity, and greater water use efficiency of overstory pitch
pine compared to unburned control trees.

Recovery from prescribed burns and wildfires will likely be af-
fected by increased atmospheric CO2 concentrations and N deposi-
tion in the mid-Atlantic, in addition to changes in climate in the
future. Using PnET CN to simulate forest productivity in the region,
Pan et al. (2009) suggest that increases in CO2 and N deposition
have stimulated forest productivity to a greater extent than
changes in climate only. When changes to climate only were sim-
ulated, productivity of oak-hickory forests increased slightly with
greater precipitation. In pine-dominated forests on less fertile soils,
little effect on productivity with increased precipitation was noted,
because although gross primary production (GPP) was enhanced,
increased temperatures both at night and during the winter in-
creased respiration rates. In contrast, interactions between climate,
higher CO2 and enhanced N deposition increased NEP and NPP in
all forest types in the mid-Atlantic (Pan et al., 2009). Empirical data
suggests that CO2 stimulates recovery following fire, but a full fac-
torial experiment with CO2 and nutrient enrichment remains to be
conducted. For example, when slash pine (Pinus elliottii Engelm.) -
scrub oak stands were burned and then allowed to regenerate
under either ambient or elevated atmospheric CO2 conditions,
elevated CO2 increased aboveground biomass production, with
the most gains observed for dominant species compared to subdo-
minant species (Dijkstra et al., 2002), and accelerated the develop-
ment of fine roots (Day et al., 2006; Dijkstra et al., 2002). Because
changes in C dynamics with elevated CO2 are strongly influenced
by N availability, low N sites may show only limited increases in
growth in elevated CO2 environments (Oren et al., 2001; McCarthy
et al., 2010), while elevated CO2 in concert with higher N deposi-
tion have led to increases in photosynthetic capacity and increased
tree growth (Hyvönen et al., 2007; McCarthy et al., 2010). With
relatively high N availability, stands can display greater overstory
leaf area and an overall increase in NPP (McCarthy et al., 2010;
Schäfer et al., 2003). Simulations and empirical results indicate
that recovery from prescribed fires may be accelerated in the
future, but will likely be dependent upon continued atmospheric
deposition rates of N in the region. It is also possible that where
prescribed fires are conducted frequently in sites with low N avail-
ability, volatilization of N from the litter layer and soil may exacer-
bate N limitation and alter patterns of C allocation (Tuininga and
Dighton, 2004; Williams et al., 2012), such that trees may allocate
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more C belowground in order to increase N uptake (Schäfer et al.,
2003; Palmroth et al., 2006; Hyvönen et al., 2007; Franklin et al.,
2009), potentially reducing rates of fuel accumulation. Taken to-
gether, these studies suggest that recovery following prescribed
burns will continue to be relatively rapid in the mid-Atlantic re-
gion, but also demonstrate some of the uncertainty that exists in
attempting to predict potential outcomes of prescribed fire use
with climate change, increased CO2 levels and N deposition scenar-
ios as stands age.

Over longer time scales, model simulations using the LANDIS-II
model coupled with CENTURY and the Dynamic Fire and Dynamic
Biomass Fuels extensions to estimate forest C sequestration in the
NJ Pinelands suggest that fire management may have little impact
on forest C dynamics (Scheller et al., 2011). Scheller et al. (2011)
simulated three fire management scenarios over a 100-year period;
contemporary management as reflected in the recent (1991–2006)
fire records, an increase in fire ignitions within WUI areas to simu-
late a doubling of the current area burned in prescribed fires, and
longer response times to wildfires, reflecting a more liberal wild-
land fire use policy. Initial model simulations of monthly NEP were
consistent with measurements at three carbon flux towers in the NJ
Pinelands (Clark et al., 2010a; r2 = 0.89, P < 0.001). Under all scenar-
ios, model simulations suggest that forests in the study area would
continue to accumulate C over the next 100 years, under current cli-
matic conditions. Although aboveground NPP, live biomass, and
detrital C were predicted to be nearly constant or increase only
modestly, soil organic C continued to increase through time in all
forest types except the most frequently-burned pitch pine – scrub
oak stands, consistent with the observations of Williams et al.
(2012). Scheller et al. (2011) point out that simulated changes in
management strategies represent only minor alterations to the fire
regime, thus fire management may have only minor effects on re-
gional forest C budgets in the immediate future, particularly when
compared to the effects of recovery from large-scale historic distur-
bances (e.g., Pan et al., 2009, 2011). Further simulations using the
HadCM3 A2 emission scenario with LANDIS II and CENTURY indi-
cate that the rate of C storage in detrital C and soil organic matter
will decrease through time because of higher heterotrophic respira-
tion rates (Scheller et al., 2012). This implies greater rates of litter
decomposition and a reduction in the rate of fuel accumulation
on the forest floor through time (Piatek et al., 2010), potentially fur-
ther reducing wildfire activity.

Wildfire risk in the mid-Atlantic could increase with the conver-
sion of naturally regenerated forest and agricultural lands to short-
rotation pine plantations as a potential climate change mitigation
strategy (Kobziar et al., 2009; Thompson et al., 2011). Young pine
stands are highly productive, with short-rotation stands further
south on the Atlantic coastal plain and Piedmont characterized
by some of the highest NPP and NEP rates measured to date
(Bracho et al., 2012; Masek and Collatz, 2006; Noormets et al.,
2010, 2012). Fuel reduction treatments are rarely conducted in
stands managed for pulpwood or fiber. Large-scale conversion to
short-rotation forests for fiber, biofuels or other uses could result
in greater occurrence and severity of wildfires, similar to the wild-
fire-prone industrial forests of the late 1800’s and early 1900’s (e.g.,
Brose et al., 2013a; Forman and Boerner, 1981). Changing vegeta-
tion types due to forest management also has implications for
other ecosystem services, because ‘‘dormant’’ season Et in pine
dominated stands is greater, resulting in a higher annual Et in
pine-dominated stands (mean of 770 mm year�1) when compared
to hardwood-dominated stands (mean of 664 mm year�1; re-
viewed in Clark et al. (2012)). Pine-dominated forests also had a
lower WUEe during the summer growing season compared to
oak-dominated stands (Clark et al., pers. comm.), and thus used
water less efficiently for C uptake. Thus, land managers will need
to evaluate the trade-offs between C sequestration, wildfire, and
water resources when considering large-scale forest conversions.
This is already occurring to some extent in the southern mid-Atlan-
tic, where there has been an increasing trend towards the conver-
sion of naturally regenerated forests to short-rotation pine
plantations in Virginia, but acreage of plantation forests are stable
in New Jersey, and decreasing in New York from a maximum in the
1930–1970’s.

5. Conclusions

There is little evidence to suggest that current wildfire regimes
will be dramatically altered from the present, given projections of
future climate scenarios in the mid-Atlantic region. Current trends
in forest regeneration, complex spatial patterns of land use, land
ownership, and forest fragmentation, and fire suppression and
fuels management activities will likely continue to constrain wild-
fire occurrence and severity in the future. Prescribed burning is the
most cost-effective forest management technique for reducing
hazardous fuels and mitigating the ecological impacts of changing
fire regimes. Field research and simulation studies suggest that
prescribed burning in wildfire prone areas in the mid-Atlantic does
not significantly impact short- or long-term C sequestration at
either stand or landscape scales, and in concert with fire suppres-
sion activities, likely reduces the C losses associated with wildfires
in wildfire-prone areas. However, it will be difficult to reintroduce
fire into many of the forested ecosystems in the mid-Atlantic on a
large scale without major effort, because patterns of land owner-
ship, increasing WUI, legal liability issues, and local, state and
federal air quality regulations will further constrain the use of
prescribed burning in the future. Unlike the Western US, state
and federally-owned lands total less than 21% of forested lands
in the mid-Atlantic, and public perception of wildland fire use
may have to change drastically. Future mitigation strategies aimed
at increasing C sequestration and/or biofuel production will need
to balance fire risk and public safety, water resources, and other
ecosystem services across the region.
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