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ABSTRACT

Forests are a significant part of the global carbon density, but stored 22% less total ecosystem carbon
cycle and are increasingly viewed as tools for mit- compared to the control. Our results demonstrate
igating climate change. Natural disturbances, such that continued carbon sequestration and the pro-
as fire, can reduce carbon storage. However, many vision of RCW habitat are not incompatible goals,
forests and dependent species evolved with fre- although there is a tradeoff between habitat extent
quent fire as an integral ecosystem process. We and total ecosystem carbon across the landscape.
used a landscape forest simulation model to eval- Management for RCW habitat might also increase
uate the effects of endangered species habitat ecosystem resilience, as longleaf pine is tolerant of
management on carbon sequestration. We com- fire and drought, and resistant to pests. Restoring
pared unmanaged forests (control) to forests man- fire-adapted forests requires a reduction in carbon.
aged with prescribed burning and prescribed However, the size of the reduction, the effects on
burning combined with thinning. Management sequestration rates, and the co-benefits from other
treatments followed guidelines of the recovery plan ecosystem services should be evaluated in the
for the endangered red-cockaded woodpecker context of the specific forest community targeted
(RCW), which requires low-density longleaf pine for restoration.

(Pinus palustris) forest. The unmanaged treatment

provided the greatest carbon storage, but at the cost Key words: carbon sequestration; climate change;
of lost RCW habitat. Thinning and burning treat- ecosystem services; endangered species; fire; longleaf
ments expanded RCW habitat by increasing the pine; Pinus palustris; prescribed burning; red-
dominance of longleaf pine and reducing forest cockaded woodpecker.
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mitigation (Pacala and Socolow 2004; Canadell and
Raupach 2008). In the eastern US, recovery from
logging, land-use change during the early twenti-
eth century, and on-going fire exclusion are
responsible for much of the region’s forest C sink
(Caspersen and others 2000; Houghton 2003;
Dangal and others 2014), in part because young
forests sequester C rapidly (Pregitzer and Euskir-
chen 2004; Pan and others 2011).

Although fire exclusion has contributed to
greater C density (Caspersen and others 2000;
Houghton 2003; Pan and others 2011), frequent
fire is an integral ecosystem process in many forests
that supports other ecosystem services, including
biodiversity (Nowacki and Abrams 2008; Hurteau
and Brooks 2011). In longleaf pine (Pinus palustris)
forests, fire return intervals of approximately
2—-4 years create open-canopy forests that support
high plant and wildlife biodiversity (Lemon 1949;
Kirkman and others 2004). In the absence of fire,
fire-sensitive hardwood species create an increas-
ingly dense understory that excludes much of the
biodiversity that depends on open forests, including
up to 40 plant species per square meter and the
unique wildlife that depend on this habitat (Walker
and Peet 1984; Glitzenstein and others 1995).
Currently, longleaf pine only occupies approxi-
mately three percent of its historical range across
the southeastern Coastal Plain of the United States.
Although fire exclusion is a contributing factor,
much of the region was converted to agriculture
and plantation forests of faster growing pine species
after the original longleaf pine forest was logged
(Glitzenstein and others 1995; Landers and others
1995). The loss of fire-maintained longleaf pine
forest led to the decline of associated species
including the federally endangered red-cockaded
woodpecker (RCW; Picoides borealis). RCWs require
mature forests with open understories for foraging
and trees, preferably longleaf pine, at least 60 years
old for nesting (Engstrom and Sanders 1997;
Mitchell and others 2009). The species recovery
plan recommends RCW habitat management for
low-density stands with treatments to maintain
large, old pine trees, open mid and understories,
dispersed areas of regeneration, and prescribed
burning on a 1-3 years rotation to promote the
dominance of diverse herbaceous ground cover
(USFWS 2003).

Although restoration of fire-maintained habitat
for legally protected species such as the RCW is
mandated, the associated effects on forest C
dynamics are not well understood. We evaluated
the effects of RCW habitat management, including
thinning and prescribed fire, on forest C dynamics

to quantify its potential tradeoffs with species
conservation. Using the landscape at Ft. Benning,
GA, we simulated forest C dynamics for three sce-
narios, designed to estimate the impacts of a range
of management options: (1) control (no manage-
ment), (2) prescribed burning (maintain open un-
derstories in existing RCW habitat), and (3)
thinning coupled with prescribed burning (increase
RCW habitat). We evaluated the impact of each
scenario on C dynamics and RCW habitat avail-
ability using (1) C sequestration in terms of total
ecosystem C and net ecosystem carbon balance
(NECB) and (2) landscape changes in forest com-
position (longleaf pine dominance).

METHODS
Study Area

Ft. Benning is a 73,533 ha military installation on
the Georgia-Alabama border in the Sandhills eco-
logical region and is defined as a core population
site in the RCW species recovery plan (Dilustro and
others 2002; USFWS 2003). The installation in-
cludes upland forest dominated by longleaf pine,
mixed pines (longleaf, loblolly Pinus taeda and
shortleaf P. echinata), mixed pine-hardwoods with
species including Quercus falcata, Q. marilandica, Q.
laevis, Carya tomentosa, and plantations of longleaf
pine and loblolly pine (Figure 1). The hardwood
species are native, fire-sensitive (relative to longleaf
pine) typically dispersed throughout longleaf pine-
dominated forest that become abundant in the
absence of fire. Across the landscape, Ft. Benning
forest inventory data indicate stands range in age
from less than 10 to greater than 100 years old,
with 53% of stands currently less than 60 years
old. Soils across the upland portion of the land-
scape, the focus of this study, are predominately
loamy sands or sandy loams (NRCS 2013). National
Climatic Data Center (NCDC) datasets collected for
this study recorded an average maximum temper-
ature of 33°C in July, minimum temperature of 2°C
in January and mean annual precipitation of
119 cm.

Field Methods

We collected vegetation, soil, and surface fuels data
at upland sites across Ft. Benning to represent a
range of stand ages and compositions to parame-
terize a landscape simulation model. Sampling sites
were selected based on RCW habitat classification,
advice from natural resource managers and mili-
tary training operation schedules. Sampling was
designed to capture the range of longleaf stand



78 K. L. Martin and others

[ Mixed pines
B Longleaf pine
I Loblolly pine
I Mixed pines & hardwoods
B Hardwoods & mixed pines
~ Other forest types
& restricted areas

wf’iiﬁ\!:éﬁi &3 G
AT u; E AR
SN ‘

£5

Figure 1. Map of Ft. Benning location and forest types.

conditions from newly established plantations to
mature natural forest. A total of 223 plots were
established, with 63 in younger stands ( <10 years
old, restoration sites that are future RCW habitat),
88 in maturing stands (30-60 years, foraging hab-
itat), and 72 in older stands (=60 years, roosting
habitat). Stands 10-30 years old had limited avail-
ability for sampling. Trees at least 50 cm diameter
at breast height (DBH) were sampled in 1/5 ha
(25.2 m radius) plots, whereas nested circular sub-
plots (1/10 ha; 1/50 ha) were used to measure

smaller diameter trees that occur with greater
frequency (=230 cm DBH and =5 cm DBH, respec-
tively). Tree-specific measurements included spe-
cies identification, DBH, height, height to live
crown and status (live or dead). Regeneration was
tallied by height class within a 2-m radius of plot
center, and surface fuels (litter and duff) and coarse
woody debris were measured along three 15 m
modified Brown’s fuels transects (Brown 1974). A
subsample of plots was selected to capture the
range of stand conditions for sampling soil C.
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Replicate soil samples (4-7 per stand) were col-
lected at 0-15 and 15-30 cm depths from four
stands 10-85 years old, and then shipped to the
Colorado Plateau Stable Isotope Lab (http://www.
isotope.nau.edu) for processing. Soils were oven-
dried and ground to a fine powder using a ball mill.
Sub-samples were weighed into tin capsules and
analyzed by Dumas combustion on a CE Elantech
elemental analyzer coupled to an isotope-ratio
mass spectrometer (Thermofinnigan Delta Advan-
tage) to quantify total C.

Simulation Model Description

The effects of forest management treatments on
forest C stocks, NECB, and forest composition were
simulated using the LANDIS-II forest landscape
succession and disturbance model (Scheller and
others 2007). NECB is the balance between C gains
from net primary productivity (NPP) and losses
from heterotrophic respiration (R), leaching and
disturbance (Chapin and Matson 2011). In
LANDIS-II, the landscape is represented as a grid of
pixels that is populated with initial forest commu-
nities. LANDIS-II does not simulate individual
trees; rather, species in communities are repre-
sented as biomass in age classes, and each com-
munity can include multiple age classes of different
species. Forest growth and disturbance impacts are
based on species’ life history parameters, including
growth rate, dispersal distance, and tolerance of
shade and fire. Within and across communities, age
cohorts grow, compete, reproduce, and interact
through spatial processes including dispersal and
disturbances that spread across cells.

We used the LANDIS-II Century succession
extension to simulate both above- and below-
ground C pools (Scheller and others 2011a). The
Century extension was developed from the
CENTURY soil model (Metherell and others 1993;
Parton and others 1993; Parton 1996), which has
been widely applied across ecosystems to simulate
both above- and below-ground growth, mortality,
decomposition, and nutrient dynamics. Ecosystem
dynamics and transfers of C between pools are
determined by climate, soil properties, and the
species-specific chemistry (lignin, C:N ratios) of
wood, leaves, litter, and roots. In addition to
growth and respiration, soil properties and climate
are used to determine species-specific establish-
ment probabilities (Scheller and others 2011a, b).

Forest management treatments were simulated
using the Dynamic Fire and Leaf Biomass Harvest
extensions. The Dynamic Fire extension models
fire behavior based on fuel types and climate data

using methodology similar to the Canadian Forest
Fire Behavior Prediction System (Van Wagner and
others 1992; Sturtevant and others 2009). Fuel
types were assigned to each pixel using the Dy-
namic Biomass Fuels extension, where simulated
fuel loading is determined by the species composi-
tion and biomass in each cell (Sturtevant and oth-
ers 2009). The Leaf Biomass Harvest extension can
simulate multiple harvest prescriptions in overlap-
ping periods, and prescriptions can encompass a
range of methodologies for site selection and spe-
cies cohort removal (Gustafson and others 2000).

Model Parameterization

LANDIS-II was parameterized using the field data,
spatially explicit forest inventory data provided by
resource managers at the installation, and values
from the literature. We divided the landscape into
four ecoregions based on the predominant soil
textures: loamy sand, sandy loam, sandy clay loam,
and loam, which were identified using the NRCS
SSURGO dataset (NRCS 2013). Active artillery
range areas that were not accessible for research
were excluded from analysis, as were riparian and
floodplain areas because our objective was to
examine upland portions of the landscape managed
for RCWs. Topography and climate were assumed
to be similar across the relatively flat landscape.

We divided the landscape into 4 ha pixels so that
each pixel represented approximately half of an
average sized management unit, which was 9 ha.
Based on field data, we selected ten species that
accounted for greater than 96% of the basal area in
our sample plots (Supplementary Table S1-S3).
Although not abundant in our field plots that are
burned regularly, red maple (Acer rubrum) was also
included because it is a prolific, shade-tolerant
species that becomes more common with fire
exclusion (Nowacki and Abrams 2008). Cells of
similar forest types were then assigned initial
communities with combinations of species and age
cohorts selected to represent the distribution of
forest conditions in our field data and the spatial
inventory data. The spatially explicit inventory data
provided information on stand composition, tree
ages, and management history.

The Century succession extension requires
parameters for climate, soil, and species to simulate
forest growth (Supplemental Tables S4-S5). We
used 51 years (1962-2012) of weather data from
the Columbus, GA weather station (station ID
GHCND: USWO00093842) available from the Na-
tional Climate Data Center. Soil parameters were
determined using the SSURGO database (NRCS
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2013) and field collected soil samples. Soil C values
were divided into three (fast, passive, and slow)
pools following methodology outlined in the
CENTURY model documentation (Metherell and
others 1993). Following Loudermilk and others
(2013), soil organic matter decay rate parameters
were calibrated so that at the first simulation time
step following spin-up (where the forest commu-
nities are grown until they reach the parameterized
ages) the soil C fell within the range of sampled
values. Soil C values and accumulation rates fol-
lowing spin-up were also compared with values
reported in the literature for similar forest and soil
types (Post and others 1982; Schiffman and John-
son 1989; Birdsey 1992; Parton and others 1993;
Schimel and others 1994; Smith and others 1997;
Richter and others 1999; Wilson and others 1999;
Markewitz and others 2002; Hooker and Compton
2003; Li and others 2012; Samuelson and others
2012; Samuelson and Whitaker 2012). Species and
functional groups were parameterized with values
from the literature, including available databases
and the CENTURY user guide (Post and others
1982; Pastor and Post 1986; Metherell and others
1993; Mitchell and others 1999; Wilson and others
1999; Kirkman and others 2001; Samuelson and
others 2012; Samuelson and Whitaker 2012;
Whelan and others 2013).

We parameterized the Dynamic Fire extension to
estimate the effects of prescribed fires typical of
longleaf pine ecosystem management, which are
ignited under conditions that favor low-severity,
surface fires of predetermined sizes (Supplemen-
tary Tables S6-S7). The Dynamic Fire extension
randomly selects cells to test for ignition, which is
determined by an ignition probability parameter.
To reflect the planned nature of prescribed burning,
ignition probabilities were set to 1.0 and the aver-
age fire size was parameterized as 7 ha because
low-severity, prescribed fires include small areas
within a stand that remain unburned. Fires were
parameterized to occur primarily during the spring
under high fuel moisture conditions, which is a
typical management prescription for RCW habitat
maintenance (USFWS 2003). Fires ignited were
ignited in a stochastic manner, but the number of
fires was parameterized so that approximately one-
third of the landscape was burned each year, rep-
resenting the three-year fire return interval typical
of management at Ft. Benning, and within the
RCW recovery recommendations. Following the
example of Scheller and others (2011b), fuel
parameters were adjusted from the Canadian For-
est Fire Behavior Prediction System (Van Wagner
and others 1992), based on comparisons to fire

spread rates in Scott and Burgan (2005), field
measurements of fuels, and the extensive longleaf
pine fire ecology literature (Lemon 1949; Glitzen-
stein and others 1995; Mitchell and others 1999;
Kirkman and others 2001; Varner and others
2005). Parameters were tested and considered to be
representative of prescribed burning based on the
resulting fire severity and mortality across the fire
regions over the course of the simulation. For
example, we parameterized the fire conditions to
prevent the complete removal of biomass from a
cell, as this is atypical of a prescribed fire in the
longleaf pine ecosystem.

The Leaf Biomass Harvest extension was used to
develop harvest prescriptions representing a spec-
trum of management intensity for different forest
types. The landscape was divided into five harvest
management units based on RCW habitat require-
ments: longleaf and mixed pine stands at least
60 years old (RCW roosting habitat), longleat and
mixed pine stands 30-60 years old (foraging habi-
tat), younger (<30 years old) longleat and mixed
pine stands, mixed hardwood-pine (requiring res-
toration to develop as RCW habitat), and loblolly
pine (requiring conversion to longleat for optimal
RCW habitat). Prescriptions are outlined in Table 1
and include thinning of pines, removal of hard-
woods and, in some cases, planting longleaf pine to
improve RCW habitat, as outlined in the recovery
plan (USFWS 2003). Harvests occur across a user-
defined portion of the landscape at each time step,
but individual pixels are selected randomly and
harvested if they meet implementation criteria.
Following harvest prescriptions, fuel types were
adjusted to reflect increased canopy base height for
the following three fire cycles. We parameterized
the Dynamic Fire extension to cause partial mor-
tality of the youngest age cohorts of fire-tolerant
pines (longleaf and shortleaf), reflecting the ecol-
ogy of the species. However, because the Dynamic
Fire extension cannot simulate partial cohort
mortality, burning a newly planted stand where all
cohorts were young would have resulted in com-
plete removal of biomass, which is not a practice
implemented in this managed landscape. There-
fore, we excluded newly planted seedlings from fire
for the first ten years to prevent 100% mortality by
assigning a temporary fuel type where fire ignitions
did not occur.

Model Validation

To assess the accuracy of model estimates, we
compared LANDIS-II forest biomass estimates to
field data. We calculated the biomass of maturing
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Table 1. Harvest Prescriptions Implemented in the Thin and Burn Treatment

Harvest Description Implementation
prescription
Thin Hardwoods: all removed Approximately every 30 years in all stands,
Lobolly pine removals: all <60 years old, from the beginning of the simulation in
75% >60 years old longleat pine and mixed pine stands and
Shortleaf pine removals: 10% <10 years old, beginning in 30 years after a restore or
5% 11-20 years old convert prescription
Longleaf pine removals: 25% <10 years old,
20% 11-60 years old
Restore Hardwoods: all removed Applied once in stands with significant
Lobolly pine removals, all <60 years old, hardwood component
75% >60 years old
Shortleaf and longleaf pine removals:
20% <0 years, 10% 11-30 years, 5%
31-60 years
Longleaf pine planted
Convert Hardwoods: all removed Applied once to loblolly pine plantations

Loblolly pine: all <60 years old removed

Longleaf pine planted

Prescriptions were designed based on RCW habitat requirements and recommendations from the species recovery plan. Implementation to the timing of prescriptions includes

adjustments made based on forest type.

and older longleaf-dominated, mixed species,
multi-age stands from field measurements using
allometric equations from Jenkins and others
(2003). In each stand, 3-5 plots were randomly
selected to create a mean stand-scale biomass value
that incorporated the variability due to disturbance.
We then ran simulations initiated with young
longleaf pine-dominated communities (10 years
old) and extracted biomass estimates from cells
when the simulated ages were equivalent to the
measured stand ages for comparison with the field-
derived biomass estimates. The field data used for
validation included stands representing an age
range from 38-86 years old. Each modeled esti-
mate was the mean value of 100 simulation repli-
cates. Simulation estimates included fire, because
the field data were collected in stands maintained
with prescribed burning on an approximately
3-year rotation. Soil types were held constant
across comparisons, although a lack of empirical
data for older stands on loamy soils precluded
comparisons for this soil type, which is restricted to
3% of the landscape.

Biological and Environmental Factors

Prior to simulating the complex landscape with
multiple species and age combinations across soil
types, two simulations were run to separate the
influence of species and soil properties on C
dynamics: loblolly pine only and longleaf pine only
scenarios. Loblolly pine has been the preferred

plantation species in the southeastern US because it
exhibits faster initial growth rates (Mitchell and
others 1999). Comparisons between loblolly-only
and longleaf-only runs were used to determine the
effect of different species productivity on C
sequestration. These simulations, where the land-
scapes were composed of a single-age cohort of the
same species, also allowed us to quantify the effects
of soil texture, which is an important driver of
moisture availability and in turn, productivity
(Mitchell and others 1999; Kirkman and others
2001; Kirkman and others 2004; Ford and others
2012). To eliminate the influence of land-use his-
tory on growth, each scenario began with an initial
community consisting of a single 1-year old cohort
of the respective species, and growth was simulated
for 100 years and replicated 100 times to account
for stochastic processes in the model. LANDIS-II
randomly selects climate conditions at each time
step based on the average and standard deviation of
monthly inputs. For this study, we used over
50 years of climate records to advance under-
standing of the C dynamics associated with RCW
habitat management.

Forest Management

Using the initial communities layer developed with
forest inventory data, we tested the effects of RCW
habitat management on forest C dynamics and
forest composition using three treatments (control,
burn, and thin and burn) to address our research
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questions. The control was used for comparison of
the C dynamics of an unmanaged forest, but would
not provide RCW habitat. We adapted treatments
from management guidelines that are defined in
terms of basal area and diameter distributions for
use in LANDIS-II, where prescriptions are defined
by the removal of biomass from age cohorts. Pre-
scribed burning alone was simulated because it
might be sufficient to sustain existing RCW habitat
by maintaining the open understory by reducing
fire-sensitive species. The 3-year fire return interval
we selected is typical of longleaf pine management
and implemented at Ft. Benning (Kirkman and
others 2001; Samuelson and others 2014). When
hardwoods become abundant, thinning is often
used prior to the reintroduction of fire to reduce
severity and pine mortality, as well as to reduce
overstory density (Varner and others 2005). The
thin and burn treatment simulated the conversion
of mixed pine-hardwood areas to longleaf pine-
dominated RCW habitat by removing hardwoods
and reducing pine density, particularly younger
cohorts. In the thin and burn treatments, the
largest loblolly pine trees were retained because
they will occasionally be used by RCWs, but
smaller loblolly pine trees were removed because
they do not provide habitat and are not very fire-
tolerant. Our selected treatments were designed to
provide comparisons on the landscape scale over
the long term, and necessarily did not include the
full suite of tools and adaptations necessary to
manage forests at the stand scale. All simulations
were run for 100 years and replicated 100 times to
capture stochastic model behavior and compare the
temporal changes in C dynamics between treat-
ments as the majority of the landscape developed
toward an old-growth forest.

REsuLTs
Model Validation

Field data used for comparison were from older
stands with varying site histories, and the specific
simulated grid cells used for validation were ran-
domly sampled from the population of grid cells
occupied by young stands for which growth was
simulated with stochastic climate and fire. Our
simulated biomass estimates were consistent with
calculations from field measurements, with a root
mean square error (RMSE) of 1,365.1 gm 2,
24.2% of the mean (Figure 2). There was variation
in both the field and modeled data, but discrepan-
cies between the two demonstrate a lack of model
bias (—3.4%) toward over- or under-prediction.
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Figure 2. Comparison of modeled forest biomass and
forest biomass calculated from data collected in a longleaf
pine-dominated, multi-species, multi-age forest com-
munity of the same age and soil type. The green line
represents a linear regression of modeled against ob-
served (n = 18, adjusted R* = 0.39, P = 0.004). The gray
line represents 1:1 agreement.

Biological and Environmental Factors

The single-species simulations demonstrated the
effects of species-specific growth strategy and soil
texture on productivity. Longleaf pine’s specific
growth and dispersal parameters led to slower C
accumulation. However, sustained productivity
resulted in a higher NECB in the longleaf scenario
relative to loblolly in the latter half of the simula-
tion period (Figure 3), decreasing the difference in
C storage over time (Figure 4). In both species,
lower productivity on more xeric, loamy sands led
to lower C stocks than on more mesic, loamy soils
(Table 2). Although soil type affected the produc-
tivity of both species, differences across soil types
were lower for longleaf pine, which is more
drought tolerant than loblolly pine (Kush and
others 2004).

Effects of Forest Management

All treatments gained C over time, but at differ-
ent rates. In the control treatment, a maximum
NECB of approximately 200gCm *y ' oc-
curred in the first two decades and then declined
until the end of the simulation (Figure 5a). NECB
in the burn treatment followed a similar pattern,
peaking at a maximum rate about 13% higher
than the control (Figure 5b). Relative to the other
treatments, the thin and burn had the most
variable NECB, but maintained higher rates over
a longer time span (Figure 5c). Approximately
10 years into the simulation, NECB was signifi-
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Figure 3. Net Ecosystem Carbon Balance (NECB) of sim-
ulated forest development over 100 years. Simulations be-
gan with a single one-year-old age cohort of one pine
species. Lines represent the mean and shading the 95%
confidence interval of estimates from 100 simulation rep-
licates for A loblolly pine only, B longleaf pine only.

14000

12000 -

10000 -

8000

6000

Carbon (g m?)

4000 -

2000 4 —— Pinus taeda

—— Pinus palustris

T T T T
2000 2020 2040 2060 2080 2100 2120

Year

Figure 4. Carbon accumulation in simulations that be-
gan with a single one-year-old age cohort of one pine
species. Values represent the mean (SD) above- and be-
low-ground carbon from 100 simulation replicates. Blue
is loblolly pine only, and green is longleaf pine only.

cantly lower in the thin and burn as harvesting
occurred and loblolly plantations were converted
to longleaf, but the landscape remained a C sink.
At year 50, when the control and burn were both
accumulating approximately 100 gCm 2y ',
NECB in the thin and burn was 170 g C m 2y~ .
At the end of the 100-year simulation, C accu-
mulation rates in the thin and burn were double
the burn and triple the control simulations. Total
ecosystem C declined with increasing treatment
intensity (Figure 6). When C stocks approached an
asymptote at the end of the simulation period in
both the control and burn, the treatments differed
by approximately 14%. C stocks in the thin and
burn treatment did not reach an asymptote, but
were approximately 10% less than the burn treat-
ment and 22% less than the control simulation in
the last 5 years of the simulation.

Although increasing management intensity de-
creased total ecosystem C, it increased the portion
of the landscape dominated by longleaf pine and
thus potential RCW habitat. Without management,
less than 5% of the landscape was at least greater
than 50% longleaf pine after 100 years (Figure 7a).
By implementing prescribed burning every 3 years,
the landscape in the burn simulation was almost
entirely pine species, with nearly a quarter of the
landscape dominated by longleaf pine (Figure 7b).
The addition of thinning treatments increased
RCW habitat availability even further as 91% of
the landscape was at least 50% longleaf pine
(Figure 7¢).

DiscussioN

Management and restoration of longleaf pine eco-
systems using prescribed burning and thinning
creates tradeoffs between priorities for species
conservation and C sequestration. Past conversion
of longleaf pine forest to loblolly pine plantations
occurred in part because of the faster growth rate of
loblolly pine. Our single-species simulations dem-
onstrate that although longleaf pine has a slower
growth rate, NECB is sustained at a higher rate
than loblolly pine (Figure 3), and our results for
total ecosystem C suggest that the difference be-
tween longleaf and loblolly pine may diminish with
age (Figure 4). Results from the single-species
simulation provide insight into the C tradeoffs be-
tween managing for wood fiber production (lob-
lolly pine) and RCW habitat (longleaf pine).
Longleaf pine has one of the most frequent fire
return intervals of any forest, and in its absence,
the landscape transitions to a higher density forest
increasingly dominated by hardwood species
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Table 2. Carbon Accumulation Across Soil Types in Single-Species Simulations

2036 2061 2086 2010

Loblolly pine only

Loamy sand 2,326 (356) 6,111 (937) 10,033 (992) 11,645 (539)

Sandy loam 3,983 (454) 8,826 (1129) 12,764 (1085) 14,477 (646)

Loam 5,620 (636) 11,104 (1028) 15,307 (909) 17,515 (644)

Sandy clay loam 2,833 (451) 7,959 (1132) 11,673 (625) 12,132 (374)
Longleaf pine only

Loamy sand 1,772 (168) 3,791 (554) 7,155 (729) 9,800 (687)

Sandy loam 3,148 (178) 5,686 (617) 9,307 (684) 11,743 (620)

Loam 4,466 (292) 7,877 (606) 11,190 (642) 13,389 (712)

Sandy clay loam 2,019 (247) 4,772 (502) 8,167 (742) 10,312 (742)

Simulations began with a single one-year-old age cohort of one pine species. Years represent simulation years beginning in 2011. Values are mean g C m~> (SD) from 100
replicates.
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Figure 5. Net Ecosystem Carbon Balance (NECB) of simulated forest management treatments over 100 years. Lines
represent the mean and shading the 95% confidence interval of estimates from 100 simulation replicates for A control
treatment: no management, B burn: prescribed burning approximately every 3 years to maintain an open understory for
RCW habitat, and C thin and burn: thinning approximately every 30 years and prescribed burning every 3 years to
maintain and expand RCW habitat.



Carbon Tradeoffs of Species Conservation 85

14000

12000 -

o
S
=3
=]

8000

Carbon (g m'z)

6000

4000 - . ‘ —— Control
Burn
—— Thin & Burn

2000 T T T T T
2000 2020 2040 2060 2080 2100 2120

Year

Figure 6. Carbon accumulation across simulated forest
management treatments over 100 years. Values repre-
sent the mean (SD) above- and below-ground carbon
from 100 simulation replicates. Dark blue lines indicate
control (no management), orange are burn only (applied
every 3 years to maintain an open understory for RCW
habitat), and red thin and burn treatments (thinning
approximately every 30 years and prescribed burning
every 3 years to maintain and expand RCW habitat).

(Gilliam and Platt 1999). Our study suggests fire-
suppressed forests sequester more C, but this increase
in C density comes at the expense of biodiversity.
The fire-maintained low-density forests necessary for
RCW habitat also harbor high plant species richness
and abundant and unique wildlife species, including
the gopher tortoise (Gopherus polyphemus), which is a
species of concern throughout most of its range.
Restoring and maintaining low-density longleaf for-
ests that support biodiversity causes regular C emis-
sions, but managed forest sustained positive NECB
over extended time periods.

The spatial and temporal scale of our study adds
greater understanding to longleaf C dynamics. Our
study indicates Ft. Benning is likely to remain a C
sink, even when regular prescribed fire is coupled
with restoration thinning. Studies conducted at the
stand scale over shorter time scales suggest that
longleaf pine forests are potential C sources, par-
ticularly when restoration treatments are applied
(Samuelson and Whitaker 2012; Remucal and
others 2013; Whelan and others 2013). However,
an assessment of C stocks across Ft. Benning indi-
cated C continues to accumulate as forests age,
even when managed with regular fire (Samuelson
and others 2014). In our simulation study, stand-
scale C dynamics were affected by climate, soil
texture, and moisture availability, which are
important drivers of productivity in the longleaf
ecosystem (Mitchell and others 1999). Thinning
and burning also affected C dynamics at the stand

scale. However, at the landscape scale, stands that
were temporary C sources were offset by those that
were sinks, resulting in continued C accumulation
even when prescribed fire on a three-year return
interval was coupled with restoration thinning.
Across the region, variations in patterns of land use
and land-use change exert an even larger effect on
sequestration rates than the differences in man-
agement intensity identified in this study (Zhao
and others 2010).

The C costs of longleaf pine restoration directed
at RCW habitat recovery appear to be lower than
those incurred with restoration treatments to re-
duce fuels and mitigate wildfire severity in western
forests (Hurteau and Brooks 2011; Hurteau and
others 2011; Restaino and Peterson 2013). For
example, thinning often removes a significant
portion of the live tree C in ponderosa pine (Pinus
ponderosa) forests (Hurteau and others 2011). In a
mixed-conifer forest in California, the significant
removals of C caused by fuels treatments were
followed by only modest C gains over the 100-year
simulation study (Hurteau and North 2009). In
comparison, our longleaf-dominated landscape
continued to gain significant C across treatments.
This is likely attributable to species and climate
factors, as longleaf pine is adapted to very frequent
(2—4 years) fire and is less water limited in the
humid Southeast (Mitchell and others 1999). Fur-
ther, a large portion of our landscape was smaller
trees and younger forest with high growth rates
(Pregitzer and Euskirchen 2004), where the C cost
of restoration might be lower than in old-growth
forests (Hurteau and North 2009; Hurteau and
others 2011).

Forest C sequestration is an important tool to
mitigate climate change. High density forests,
including plantations, might maximize forest C
sequestration while also providing valuable timber
resources (Onaindia and others 2013). However,
natural and lower-density forests provide more
benefits to biodiversity and environmental quality,
including water resources. For example, across a
diverse Spanish landscape, natural forests had
higher biodiversity and increased water quality and
yield compared to plantations (Onaindia and others
2013). Water yield was also higher in low-density,
fire-maintained pine (Pinus elliottii) forests main-
tained for biodiversity in Florida (McLaughlin and
others 2013). In the southeastern U.S., longleaf
pine is considered a biodiversity hotspot, and res-
toration is a conservation priority even where
RCWs are no longer present (Landers and others
1995; Kirkman and others 2001; Mitchell and
others 2009).
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Figure 7. Map of forest types across the landscape after 100 years. Dominance of pines species and southern hardwoods
represents the average of 100 simulation replicates for A control (no management), B burn (applied every 3 years to
maintain an open understory for RCW habitat), and C thin and burn treatments (thinning approximately every 30 years
and prescribed burning every 3 years to maintain and expand RCW habitat).

Beyond benefits to biodiversity, including infestations that affect other southern pines (Kush
endangered species, restoration of frequent-fire and others 2004). Due to its disturbance tolerance
forests can enhance forest resilience to wildfire by and long lifespan, longleaf pines are thought to
reducing fuel loads (Hurteau and Brooks 2011). accumulate C past 400 years in age (West and
Regular fire also increases the dominance of species others 1993). Therefore, longleaf pine is more
that evolved to be disturbance tolerant, and thus likely to provide resilient, long-term C benefits
more resilient (Earles and others 2014). With an when compared to associated species. These bene-
extensive taproot, longleaf pine is tolerant of fits are important to consider when evaluating the
drought and hurricanes (Johnsen and others 2009; C tradeoffs associated with the provision of RCW
Samuelson and others 2014), and it is also resistant habitat. Across ecosystems, particularly those that

to the southern pine beetle Dendroctonus frontalis evolved with frequent fire, ecosystem service



Carbon Tradeoffs of Species Conservation 87

benefits of restoration should be evaluated together
with C storage tradeoffs as part of land manage-
ment decision-making.
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