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a  b  s  t  r  a  c  t

Longleaf  pine  (Pinus  palustris)  savannas  of  the  southeastern  U.S.  represent  an  archetype  of  a fire  depen-
dent ecosystem.  They  are  known  to  have  very  short  fire return  intervals  (∼1–3  years)  that  perpetuate
understory  plant  diversity  (up  to 50  species  m−2),  support  pine  recruitment,  and  suppress  fire  sensitive
hardwoods.  Understanding  the  relationships  that  regulate  longleaf  and southern  hardwoods  is espe-
cially critical.  With  decreased  fire frequency,  insufficient  intensity,  or lack  of underground  competition,
a  woody  mid-story  rapidly  develops,  dominated  by  fire sensitive  trees  and  shrubs  that  in-turn  suppress
more  fire  dependent  species  (including  pine  seedlings).  This  may  occur  in forest  gaps,  where  pine-needle
abundance  is diminished,  reducing  fire spread  potential.  The  interactions  between  longleaf  pine,  hard-
woods,  forest  fuels,  and  fire frequency  are  complex  and  difficult  to  understand  spatially.  The  objective
of  this  study  was  to develop  a spatially  explicit  longleaf  pine–hardwood  stochastic  simulation  model
(LLM),  incorporating  tree  demography,  plant  competition,  and  fuel  and  fire characteristics.  Data  from
two longleaf  pine  study  sites  were  used  to develop  and  evaluate  the model  with  the goal  to incorporate
simple  site-specific  calibration  parameters  for model  versatility.  Specific  model  components  included
pine seed  masting,  hardwood  clonal  sprouting,  response  to  fire  (re-sprouting,  mortality),  and  tree  den-
sity driven  competition  effects.  LLM spatial  outputs  were  consistent  with  observed  forest  gap  dynamics
associated  with  pine  seedling  establishment  and  hardwood  encroachment.  Changes  in fire  frequency  (i.e.,
fire probability  =  0.35–0.05)  illustrated  a shift  in  community  structure  from  longleaf  pine  dominated  to  a
hardwood  dominated  community.  This  approach  to assessing  model  response  may  be useful in  charac-
terizing  longleaf  ecosystem  resilience,  especially  at intermediate  fire  frequencies  (e.g.,  0.15)  where the
community  may  be sensitive  to small  changes  in the  fire regime.  Height  distributions  and  population
densities  were  similar  to in  situ  findings  (field  and  LIDAR  data)  for both  study  sites.  Height  distribu-

tions  output  by  the  LLM  illustrated  fluctuations  in population  structure.  The  LLM  was  especially  useful
in  determining  knowledge  gaps  associated  with  fuel  and  fire  heterogeneity,  plant–plant  interactions,
population  structure  and  its  temporal  fluctuations,  and  hardwood  demography.  This  is the first  known
modeling  work  to  simulate  interactions  between  longleaf  pine  and  hardwoods  and  provides  a  foundation
for  further  studies  on  fire  and forest  management,  especially  in relation  to  ecological  forestry  practices,
restoration,  and site-specific  applications.
. Introduction
Savannas may  be defined as terrestrial ecosystems with widely
paced trees or shrubs with an often continuous herbaceous layer
f grasses and forbs (Skarpe, 1992) and are found throughout the

Abbreviations: LLM, Longleaf pine–hardwood model.
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world. Notwithstanding the global importance of savannas to eco-
nomic outputs (fiber, food, Scholes and Archer, 1997), ecological
services such as C sequestration, (Grace et al., 2006), or the diver-
sity that they sustain (Bond et al., 2005), our understanding and
ability to predict their function and response to management is
critically constrained (Sankaran et al., 2005). While these issues
are global in nature (Hill et al., 2005), they are acute in lon-
gleaf pine (Pinus palustris) ecosystems of the southeastern United

States. These ecosystems have among the highest levels of diver-
sity recorded in North America with as many as 50 species m−2 and
1000 species at scale of 1000 ha (Kirkman et al., 2001; Walker and
Peet, 1983). They are dependent on frequent fire with loss of floral
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iversity occurring in as few as 3 years with no fire (Glitzenstein
t al., 2003; Kirkman et al., 2004). They also contain valuable high
uality timber (Mitchell et al., 2006) and supply a critical fuel source
o sustain frequent fire (Mitchell et al., 2009). Due to their long-
ived nature, wide ecological amplitude, and resistance to pests
nd disturbances, longleaf pine systems may  also be an impor-
ant ecosystem for adaptation to future climate change (Flannigan
t al., 2000). The key to managing these systems lies in under-
tanding explicit demographic processes, such as plant competition
r co-existence; especially in association with a fluctuating fire
egime.

Longleaf pine and many southern hardwood tree species (e.g.,
uercus laevis, Quercus falcata,  Quercus incana,  Quercus stellata)
re able to coexist in longleaf pine ecosystems because of lon-
leaf pine’s tolerance of and ability to regenerate in a high
requency fire regime (∼1–5 years return time), and hardwoods
bility to re-sprout when above ground structures are killed by
re (Abrahamson and Hartnett, 1990; Bridges, 1989; Christensen,
981; Ware et al., 1993). Longleaf pine is dependent on fire for
uccessful regeneration and suppressing hardwood growth beyond
hrub stature (Glitzenstein et al., 1995; Hartnett and Krofta, 1989;

ahlenberg, 1946). Hardwoods will remain in this shrub state,
ften less than a few meters in height (Guerin, 1993), with a
onsistent fire regime. If fire frequency or intensity is reduced,
hese hardwoods may  grow rapidly to develop a woody mid-
tory (Provencher et al., 2001; Williamson and Black, 1981). This
ositive feedback loop creates a competitive environment sup-
orting hardwoods, while suppressing pine recruitment (Pecot
t al., 2007) and other shade intolerant plant species (Kirkman
t al., 2004). Furthermore, a less flammable environment is cre-
ted with the lack of fire facilitating grasses and low-shrubs and
educed pine-needle litter (Myers, 1990; O’Brien et al., 2008;
ecot et al., 2007). This is most common in forest gaps where
atches of hardwoods may  develop due to the lack of fuel con-
inuity and fire intensity (Guerin, 1993; Williamson and Black,
981).

If no fires occur for two  decades (Hartnett and Krofta, 1989) or
ess on more productive sites (Mitchell et al., 2006), the commu-
ity may  transition from a longleaf pine savanna (open mid-story
nd intact grassy understory) to a hardwood dominated forest-type
dense mid-story, loss of understory), such as turkey oak barrens,
ak scrub, or hardwood hammock (Myers, 1990). This successional
hange occurs because of the competitive advantages of hardwoods
e.g., shade-tolerant, faster growing, rhizomatous clonal spreading)
ver longleaf pines (e.g., grass seedling stage easily overtopped) as
ell as the difficulty of the large longleaf pine seeds to reach bare-
ineral soil through the accumulated underbrush (Glitzenstein

t al., 1995; Hartnett and Krofta, 1989; Myers, 1990; Rebertus et al.,
989; Wahlenberg, 1946). Ultimately, the competitive interactions
mong tree species have complex effects on fire dynamics and sub-
equent fire effects that structure this community (Mitchell et al.,
009).

Understanding these plant interactions and feedbacks asso-
iated with fire are needed to develop optimal prescribed fire
anagement plans for longleaf woodlands. This is especially

rue when their goals include maintaining ecosystem health
e.g., flora/fauna diversity) through ecological forestry practices
Mitchell et al., 2006). Land managers routinely battle hardwood
invasion’ on degraded longleaf sites (i.e., those that have expe-
ienced fire suppression or other disturbances that impact fuel
ontinuity in time and space) or in forest gaps created by timber
emoval (Pecot et al., 2007) or other natural canopy disturbance.

and managers also struggle with the subsequent application of
rescribed fire (Provencher et al., 2001). Furthermore, it may  be
ifficult to conceptually grasp long-term ecosystem changes that
ave extensive lag times, such as plant competition, forest succes-
delling 222 (2011) 2733– 2750

sion, or episodic seed masting events (typical of longleaf, Boyer,
1990).

Developing forest models of these complex interactions pro-
vides a means to conceptualize longleaf pine ecosystem processes
and the underlying mechanisms that drive them. These models also
provide a way to identify knowledge gaps and ultimately contribute
to long-term management planning, including prescribed burn-
ing (Botkin, 1993). A spatially explicit dynamic modeling scheme
would be especially beneficial, providing the ability to simulate and
visualize forest processes through time, assess forest gap dynam-
ics, and analyze potential impacts from landscape change scenarios
(e.g., altering fire frequency, Loudermilk and Cropper, 2007). Sim-
ulation analysis can include scenarios of experimental changes to
land management; especially those that are widely believed to lead
to the degradation of native longleaf pine savannas (e.g., fire sup-
pression, Hartnett and Krofta, 1989).

Simulation models have been widely used to address the
important problem of predicting wildland fire behavior (Sullivan,
2009). A variety of other models have been used to simulate
landscape-level interactions of fire and plant communities, often
explicitly modeling plant community succession (Keane et al.,
2004). Landscape-level models are often highly aggregated (Bean
and Sanderson, 2008; Loudermilk and Cropper, 2007). Simulation
modeling in fire-prone ecosystems is characterized by a variety of
approaches. Interactions of fire and woody vegetation in these sys-
tems have been simulated with matrix population models (Cropper
and Loudermilk, 2006; Malanson, 1985). The Malanson (1985)
model is notable for including the critical process of shrub sprout-
ing. Miller and Urban (1999) used an individual-tree-based model
in a spatial grid to simulate fire dynamics in the Sierra Nevada,
California, and Berjak and Hearne (2002) used a Cellular Automata
fire model to simulate dynamics in a South African savaana. This
model was  an extension of a general CA fire model proposed by
Karafyllidis and Thanailakis (1997).

Understanding the dynamics of savannas with potential alter-
nate stable states is of great theoretical interest. Simulation models
have been used to evaluate interactions of herbivory, fire, and plant
life-form. These models are often formulated as systems of simple
differential equations (Beckage et al., 2006, 2009) to describe the
conditions promoting grass or tree domination. Hanan et al. (2008)
used a differential equation model that emphasized the importance
of the interaction of fire and plant regeneration, as opposed to plant
mortality. Spatially explicit models have also been used to address
these questions in fire-prone ecosystems. Meyer et al. (2007) used
the individual-based model SATCHMO for modeling African savan-
nas, and Baxter and Getz (2005) addressed the role of elephants in
these systems and feedbacks on the fire regime.

While process based models have been useful in both orga-
nizing understanding and testing predictions in many savanna
ecosystems (Hill et al., 2005); those for longleaf systems have been
limited by not including key demographic processes, plant compe-
tition, and fuel and fire characteristics with spatially and temporally
explicit components.

Several have modeled longleaf pine population dynamics in
even-aged natural stands (Farrar, 1985; Kush et al., 2006; Quicke
et al., 1994) as well as uneven aged natural stands (Cropper and
Loudermilk, 2006; Kaiser, 1996; Kush et al., 2006; Loudermilk and
Cropper, 2007; Platt et al., 1988), but few have measured interac-
tions with hardwoods (Rebertus et al., 1989) or modeled the spatial
and temporal dynamics within the system (Drake and Weishampel,
2001; Loudermilk and Cropper, 2007; Rathbun and Cressie, 1994),
which are thought to control longleaf community structure. These

forest processes have however, long been recognized as critical
(Heyward, 1939; McGinty and Christy, 1977; Wahlenberg, 1946;
Williamson and Black, 1981), but have not been comprehensively
modeled.
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Rathbun and Cressie (1994) were among the first to illustrate
he importance of spatial structure within a longleaf pine popula-
ion by modeling individual demographic process (birth, growth,
nd survival) using space–time equations. Each process was mod-
led for juvenile, sub-adult, and adult pine dbh (diameter at breast
eight) size classes and was directly impacted by distance to or

intensity’ of nearby sub-adult and adult tree competition as well
s tree size.

At a much larger scale, the LANDIS model (Mladenoff et al.,
996) was used to assess broad scale spatial and temporal succes-
ion dynamics for a longleaf pine sandhill community (Loudermilk,
005; Loudermilk and Cropper, 2007). Long-term 10 years age-
ohort (presence/absence) dynamics of longleaf pine and three
ompetitive oak species (Q. laevis, Quercus geminata, Quercus hemis-
haerica) were simulated with two fire disturbance regimes using
cosystem-scale inputs. To our knowledge, this was the only
attice-based spatial model incorporating hardwood dynamics with
ongleaf. Unfortunately, with a 10 years time step and 20 m2 cell
ize, this model was not able to simulate finer-scale interactions
mong plants, specifically competition feedbacks between hard-
ood sprouts and pine seedlings in relation to fire.

The ‘Savanna Game’ longleaf pine model (Drake and
eishampel, 2001) incorporated spatial dependence at a finer

cale using a lattice-based approach: Single longleaf pine trees
ere modeled within cells (5 m × 5 m spatial resolution) and

imulated yearly over a 25 ha area. Each cell interacted with its
eighbors through seed production and dispersal, intra-species
ompetition, fuel distribution (pine litter), and fire. Growth and
ortality were influenced by tree size, competition, and fire inten-

ity, while fire spread and intensity were a function of accumulated
ine leaf litter. Furthermore, this model accurately simulated the
eight structure and multi-fractal dimensions of a longleaf pine
avanna when compared to in situ data collected from aerial LIDAR
Light Detection and Ranging). This modeling approach was well
uited to simulate complex space–time interactions that influence
ntra-species dynamics, but no explicit hardwood component was

odeled. Clearly, hardwood dynamics need to be incorporated
nto a spatially explicit longleaf pine demographic model.

Our study objective was to develop a longleaf pine–hardwood
tochastic simulation model, incorporating tree demography,
lant competition, and fuel and fire characteristics with spatially
nd temporally explicit components. Data from two study sites
ere used to develop and evaluate the model with the goal to

ncorporate site-specific calibration parameters for overall model
ersatility. Aerial LIDAR data and field measurements of population
ensities and height distributions were used for model evaluation.
his model was intended to help identify knowledge gaps of
arious population level ecosystem processes, specifically related
o population structure, fuel and fire heterogeneity, hardwood
emography, and plant–plant interactions (i.e., competition and
acilitation).

. Study areas

Two longleaf pine savanna study areas were used for model sim-
lation and evaluation. They vary in site characteristics, hardwood
pecies composition, and management history. Utilizing two sites
rovides the opportunity to develop a more flexible model that may
e used for a variety of longleaf pine savannas across the southeast-
rn U.S. with minor calibration adjustments built into the model.

.1. Ichauway preserve
One set of model parameters was estimated for the longleaf pine
avanna community at Ichauway, an 11,700 ha reserve of the Joseph

. Jones Ecological Research Center in southwestern Georgia, USA.
delling 222 (2011) 2733– 2750 2735

Ichauway is located within the Plains and Wiregrass Plains subsec-
tions of the Lower Coastal Plain and Flatwoods section (McNab and
Avers, 1994). The humid subtropical climate (Christensen, 1981)
has a mean annual precipitation of 131 cm,  occurring throughout
the year. Mean daily temperatures range from 21 ◦C to 34 ◦C in the
summer and 5 ◦C to 17 ◦C in the winter. The soils are classified as
excessively drained soils of the Orangeburg (fine-loamy, siliceous,
thermic typic paleudults) and Wagram (loamy, siliceous, thermic
arenic paleudults) series (Battaglia et al., 2002). Ichauway has an
extensive tract of second-growth longleaf pine and has been man-
aged with low-intensity, dormant-season prescribed fires for at
least 70 years at a frequency of about 1–3 years. Maintaining a
high frequency fire regime is a top management goal at Ichauway,
although occasional selection tree harvesting occurs for research
purposes and only in designated areas (Palik et al., 2003). The
understory of the study area was primarily composed of wiregrass
(Aristida stricta)  with many forb and prairie grass species. The over-
story is almost entirely dominated by longleaf pine, with mature
hardwoods making up a minor component (Palik and Pederson,
1996). The hardwood species composition can be quite diverse,
including Q. incana,  Q. falcata,  Q. laevis, Q. stellata,  Quercus virgini-
ana, Q. hemisphaerica,  Diospyros spp., Prunus spp., Sassafras albidum
(Jacqmain et al., 1999). The study area was  an uneven aged stand
that has been allowed to self regenerate for over 70 years, creating
a diverse age (1–70+ years) and density distribution. Average lon-
gleaf pine density in our study area was approximately 193 trees
per ha, with 49 trees per ha over 10 m and 115 trees per ha under
10 m.  Hardwoods density was  118 trees per ha, with over 98% of
them found in the mid  and understory (115 under 10 m in height).
Pine seedlings were relatively abundant (see density above), espe-
cially in forest gaps, although they are found throughout the forest
matrix. Two known regional seed masting periods were in 1987
(Grace and Platt, 1995) and 1996 (Simkin et al., 2004).

2.2. Ordway-Swisher biological station

Another set of model parameters was  estimated for the lon-
gleaf pine savanna community at the Ordway-Swisher Biological
Station (Ordway) a 3800 ha reserve in north-central Florida, USA.
It is managed by the University of Florida’s Department of Wildlife
Ecology and Conservation. The humid, warm temperate climate has
annual temperatures and precipitation averaging 20 ◦C and 143 cm,
respectively. The soils in the study area were classified as very
deep, excessively drained soils on sandy uplands of the Candler
(hyperthermic, uncoated lamellic quartzipsamments) and Apopka
(loamy, siliceous, subactive, hyperthermic grossarenic paleudults)
series. Ordway has a large amount of second-growth longleaf pine
as well and has been intensively managed for the past 30 years
with prescribed fire. The current fire frequency is 2–5 years, with
some areas reaching more than 10 years, providing a diverse forest
structure with varying fire regime. Otherwise, since the establish-
ment of the Ordway no timber harvest, hunting, or other public
recreation was  been permitted. The understory of the study area
is primarily composed of wiregrass (A. stricta)  with many forb and
prairie grass species. The overstory is generally dominated by lon-
gleaf pine, although these sandy hills are abundantly populated
by turkey oak (Q. laevis). Past bouts of fire suppression allowed
much of the turkey oak population to thrive and grow into the
mid  and overstory in much of the area. Although some areas have
essentially become turkey oak barrens (Myers, 1990), these were
not found within this specific study area. Other oak or hardwood
species found intermittently throughout the site include Q. virgini-

ana, Quercus geminata, Q. hemisphaerica,  and Quercus margaretta.
The study area was  an uneven aged stand that has been allowed to
self regenerate for at least 30 years. There were also many older,
larger longleafs found throughout the site. Longleaf pine density in
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ur study site was approximately 460 trees per ha, with 156 trees
er ha over 10 m and 304 trees per ha under 10 m.  The popula-
ion of longleaf pines was almost entirely found in the under and

id-story (i.e., pine seedlings and saplings <10 m),  resulting from
ecent second-growth (∼30 years), intensive fire management, and

 seed masting period occurring in the last 1980’s. These seedlings
nd saplings were especially abundant in forest gaps, although
hey were found throughout the forest matrix, similar to Ichauway.
ardwoods density was 128 trees per ha, with over 88% of them

ound in the mid  and understory (113 under 10 m in height).

.3. Field monitoring

To improve estimates of hardwood and pine seedling survival
fter fire, a monitoring study was conducted at both Ordway and
chauway. These studies were independent with different plot sam-
le size: 25 seedlings were planted in 16 random plots at Ordway
nd 27 random plots (4 m × 4 m)  at Ichauway, both in January 2007.
he difference in sample size between research sites was due to
anagement and operational constraints. Prescribed burns were

erformed in March 2008 and June 2009 at Ichauway and Ordway,
espectively. Seedling survival and size (RCD: root collar diame-
er) were measured 1 month after each site’s burn to determine
mmediate fire survival rate. In addition, hardwood survival and
ree height (after the burn) was recorded at the Ordway across
ix randomly chosen forest gaps ranging in size from 0.05 ha to
.18 ha. Hardwood survival was considered any hardwood tree not
op-killed (with re-sprouting) or completely killed (i.e., top-killed
ithout re-sprouting). Hardwood survival monitoring was more

n-depth at Ichauway: within the 27 plots at Ichauway, hardwood
urvival, complete mortality (no re-sprouting after fire), stem den-
ity (of re-sprouts) were recorded after the burn. Clonal spread
as also monitored for 1 year within the 4 m × 4 m plots. This was
etermined by marking all hardwoods within the plot with paint
nd observing any regeneration from rhizomes (i.e., new sprouts
ithout paint). The results were used to improve model represen-

ation and parameterization of height thresholds (2 m)  and rates
f hardwood fire survival (top-kill rate, complete mortality or sur-
ival rate), which are otherwise relatively unknown. Seedling fire
urvival was simply used as an additional in situ dataset with which
o evaluate with model outputs (Loudermilk, 2010).

. Model development and description

The longleaf pine and hardwood population model (LLM)
eveloped for this study is a spatially and temporally explicit
tochastic model. A lattice-based approach was used, similar to cel-
ular automata (Silvertown et al., 1992), where trees within cells
5 m × 5 m)  interacted with nearby cells (trees) based on adjacency
nd distance. The model may  also be classified as an Individual
ased Model (DeAngelis and Mooij, 2005), with each tree simulated
ver time. The model was implemented in the Python program-
ing language (v. 2.5.4, Python Software Foundation). A reasonably

ompact area (125 m × 125 m;  1.56 ha) was modeled using periodic
oundaries, eliminating edge effects. Spatial interactions included
eed dispersal or clonal rhizomatous spreading (fecundity), inter-
nd intra-species plant competition impacts on growth and mor-
ality, as well as effects of tree density on fine-fuel distribution and
ccumulation (Fig. 1). The LLM had a 1 year time step, with yearly
robabilities for fire occurrence and pine seed masting events.

Both longleaf pines and hardwoods could exist in each cell. Dur-
ng the reproductive stage, up to 10 trees of each type (20 total)

ould establish in an empty cell, with individual mortality inci-
ences causing a natural thinning effect as the cell or trees within

 cell age. Growth, in height (m), occurred at the cell scale, where
ll trees of a tree type within a cell grew and aged together. Mortal-
delling 222 (2011) 2733– 2750

ity for an individual tree could be from competition, fire, or other
natural causes. All trees were classified as juveniles, sub-adults,
and adults similar to Drake and Weishampel (2001).  Model growth
and population size distributions were driven by the height index
input for each tree type, representative of site-specific characteris-
tics. Height index was  defined as an estimate of the canopy height
of each tree type across a particular study area, representative of
mean potential height growth of the oldest or largest trees. The
canopy height model of the LIDAR dataset for each study area was
used to approximate longleaf pine canopy heights (35 m:  Ichauway,
25 m:  Ordway), and subsequent height index values (Appendix A).
Hardwoods were much less abundant as adults for each study site
and were difficult to discern from the LIDAR datasets. As such, hard-
wood height index values were determined from literature values
of measured tree height growth: Hardwoods at Ordway (i.e., more
xeric type area) had a height index of 20 m (Harlow, 1990), while at
Ichauway (i.e., more mesic area) the height index was  set at 25 m
(Belanger and Krinard, 1990). Potential growth characteristics (i.e.,
asymptotic height) in the LLM were driven by these height index
values (see Section 3.1.2).

A random landscape consisting of longleaf pines (0.1–30 m
in height) and hardwood sprouts (0.5 m size only) was used to
initialize the model. The initial longleaf pine population consisted
of 75 trees 10–30 m and 348 trees below 10 m in height. The
initial hardwood community consisted of randomly placed hard-
woods 0.5 m in height across 10% (∼63 cells) of the landscape,
representing young or newly sprouted hardwoods after a recent
fire. These conditions represented a fire-maintained ecosystem,
where young to adult longleaf pines were found alongside fire
suppressed hardwoods. The model was  then run to reach dynamic
stability (at about year 100–150), characterized by lower ampli-
tude oscillation. This transient behavior is common in non-linear
models, where the inherent variability associated with the initial
conditions is damped out over time (Haefner, 1996). Calibration
and sensitivity analysis of parameters is more appropriate after
transient dynamics driven by initial conditions have dissipated. All
input and calibrated parameters, including references for the LLM
for both study sites are in Appendix A.

3.1. Longleaf pine population

3.1.1. Fecundity
Seed and cone production of longleaf pine can vary highly

between and within episodic masting events that may  be due to
climatic, biological, and adaptation factors (Boyer, 1998; Boyer and
White, 1989; Koenig and Knops, 2005; Pederson et al., 2000). Mast-
ing is an important feature of longleaf pines, and is included as a
stochastic element of the model based on data collected for over
40 years across the southeastern U.S. (Boyer, 1998). Each year had
a 0.15 probability of being a mast year, where only adult and
sub-adult trees produced 40–125 and 10–70 cones, respectively
(Table 1). During non-mast years, adults and sub-adults produced
1–40 and 1–20 cones, respectively. Juveniles did not produce any
cones. All sub-adult and adult trees produced 32 seeds per cone
(average value from Boyer, 1990). Cone production was further var-
ied by incorporating four cone production intensity levels for mast
and non-mast years (Table 1). The combination of yearly masting
probability and cone production intensity provided a means to cap-
ture fecundity variability through time, although other potential
factors (i.e., climate) that may  influence cone production were not
directly modeled. To investigate model outputs, cone production
means (from 10 LLM runs and Boyer’s in situ data) were com-

pared using a two sample two-tailed equal variance t-test (  ̨ = 0.05,
n = 40). The results support that the LLM and in situ means were not
significantly different from each other (p = 0.76). Furthermore, their
similar pooled characteristics and comparable cumulative distribu-
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Fig. 1. Conceptual diagram of longleaf pine–hardwoo

ions concluded that the LLM was consistent with observed cone
roduction estimates (See Loudermilk, 2010).

Seeds were dispersed based on distance from a focal cell with
ub-adult or adult trees and whether it was a mast year or not,
imilar to Drake and Weishampel (2001).  If it was a mast year, seeds
ere dispersed three cells and two cells from the focal cell for adults

nd sub-adults, respectively. If it was a non-mast year, seeds were
ispersed two and one cell from the focal cell for adults and sub-
dults, respectively. More seeds were dispersed in cells closer to
he focal cell and in equal proportions within the ring of interest.
or instance, if the focal cell (adult) produced 64 seeds in a non-
ast year, each cell in the first closest ring of cells (8 cells total)

eceived four seeds and each cell in the second closest ring of cells
16 cells total) received two seeds each.

Germination rates are highly dependent on the ability of the
arge seeds to reach the soil bed, free from immediate competition
nd leaf litter (Myers, 1990). With fire as a means to remove under-

tory vegetation and accumulated dead biomass, fire frequency
ssentially drives germination patterns (Glitzenstein et al., 1995).
herefore seed germination (GLP, Eq. (1)) was a function of time
ince fire (tsft) at time t and a maximum germination probability

able 1
ongleaf pine cone production categorized into four intensity levels for sub-adults
nd adults for mast and non-mast years in the LLM. All trees produced 32 seeds per
one.

Cone production intensity level (no. of cones)

Mast year 1 2 3 4

Sub-adult 10–20 20–30 30–50 50–70
Adulta 40–50 50–70 70–90 90–125

Non-mast year
Sub-adultb 1–5 5–10 10–15 15–20
Adulta,b 1–10 10–20 20–30 30–40

a Boyer (1998) and data from Boyer.
b Platt et al. (1988).
 growth  (bio mass )

ulation dynamics and model components of the LLM.

(Gp = 0.03). This low germination rate combined with the physi-
cal establishment restriction (i.e., recruitment only allowed in an
empty cell), time since fire limitation, as well as tree mortality by
fire (see Section 3.1.3) provided a means to simulate variability
associated with soil substrate suitability for germination and possi-
ble influences of tree density on seed fertility (Boyer, 1998), which
was not directly modeled.

GLP = Gpe−1.0tsft (1)

Recruitment was also restricted during fire suppression to sim-
ulate the transition of community state (i.e., longleaf pine savanna
to hardwood forest). When fires were suppressed for 20 years in
the LLM, germination was set to zero, representing a permanent
change from the savanna state. This relatively short-term shift in
successional state is well documented (Christensen, 1981; Kirkman
et al., 2004; Mitchell et al., 2006; Wahlenberg, 1946). For compari-
son, Hartnett and Krofta (1989) found no recruitment after just 15
years of fire suppression.

3.1.2. Growth
Growth is often modeled as a function of potential growth with

modifiers (Quicke et al., 1994). For the LLM, longleaf pine height
growth (HtLP, Eq. (2))  within a cell was  asymptotic and a function
of age (AgeLP). This potential growth was  modified or suppressed
based on the competitive environment (CILP) of adjacent trees ((see
Section 3.1.4) ‘Competition index’). The asymptotic height (AHtLP)
was the maximum for every tree in the longleaf pine population.
The asymptotic height was determined by a stand’s height index of
longleaf pine trees (AHt = Height index × 1.3, Ichauway = 45.5, Ord-
way = 32.5, Appendix A). This was  estimated based on data from two
natural longleaf pine stands with quite different height index values
(Ichauway: 35, Ordway: 25). This allows model application across

areas that vary in productivity and other environmental factors (soil
characteristics) that may  influence growth potential.

HtLP = AHtLP(1.0 − e−0.02 AgeLP )(1.0 − CILP) (2)
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Furthermore, a ‘dormant tag’ was implemented for each newly
stablished seedling to represent the commonly found grass stage
Myers, 1990). Each seedling remained in the grass stage for 1–10
ears (average 5), while initiating height growth using the equation
bove. For simplicity, all trees within a cell grew or remained in the
rass stage together (i.e., same height values within a cell).

.1.3. Mortality
Three mortality functions were used to simulate death from

ompetition, “natural” causes, and fire. Each tree within a cell
as evaluated individually for mortality. Longleaf pines are sen-

itive to competition, especially when young (Pecot et al., 2007)
nd this competition may  be a function of distance to adult trees
Brockway and Outcalt, 1998) and understory vegetation (McGuire
t al., 2001). A negative logistic function (Eq. (3)) was  used to
epresent mortality from competition (McLP). This function was
ependent on tree size through the use of the competition index
CILP: see Section 3.1.4 ‘Competition index’ below), where adult
rees were minimally influenced by competitive mortality effects.

cLP = −0.1
1.0 − 45.0e−37CILP

(3)

Longleaf pine adults are most likely not very sensitive to compe-
ition from scattered nearby mature individual adult hardwoods, as
hey have already established a long tap-root and grown to heights
asily surpassing the height potential of most southern hardwoods,
hus reducing competitive effects of water, soil nutrient, and light
imitations (Pecot et al., 2007). Furthermore, mortality in mature
orests has been found to only be occasionally governed by com-
etition, where biotic agents may  play a more significant role in
ortality (Das et al., 2011).
There are various natural causes of mortality besides mortal-

ty from competition and fire in longleaf pine systems that are not
xplicitly modeled in the LLM. To account for this, a size distri-
ution of mortality rates were estimated from 4 years of census
ata (Platt et al., 1988) and associated models of seedling mortality
Cropper and Loudermilk, 2006; Loudermilk and Cropper, 2007) to
mplement a mortality function for other natural causes.

There are typically two peaks in mortality rates across size
lasses; one peak for the small size classes (e.g., disease) and
nother one in the large size classes (e.g., lightning, windthrow).
his creates a bathtub shaped mortality curve (Platt et al., 1988).
wo natural mortality functions were developed by relating mor-
ality rates and their associated size classes using Curve Expert (v.
.38, Hixson, TN). The first four (∼0–23 m height) and last five size
lasses (∼23 to >34 m height) in Loudermilk and Cropper (2007)
ere used for the young and older natural mortality functions,

espectively. The young natural mortality function created for lon-
leaf pine (MnLPy, Eq. (4))  was best fit with a Weibull function;
ortality rates ranged from approximately 0.1 to 0.004 y−1, with

eedlings (<0.1 m),  through middle sizes, and up to the model adult
ize. The older natural mortality function created for longleaf pine
MnLPo, Eq. (5)) used a logistic function.

nLPy = 0.177 − 0.193 × e
(−0.21×Ht−0.224

LPy
)

(4)

nLPo = 0.03
[1.0 + 593, 063 × e(−0.43 × HtLPo)]

(5)

Older mortality rates ranged from about 0.001 to 0.03 y−1 (max)
or all adult-sized longleaf pines. This peak in adult mortality seems
o be common in longleaf pine woodlands (Outcalt, 2008; Palik and
ederson, 1996) and was modeled similarly in Kaiser (1996).  Both

ortality functions were a function of input tree height (HtLPy for

hose below adult size or HtLPo for those adult size or larger).
Longleaf pine mortality from fire is dependent on tree size

nd fuel and fire characteristics that drive fire intensity (Grace
delling 222 (2011) 2733– 2750

and Platt, 1995). For simplicity, longleaf pine fire mortality (MfLP,
Eq. (6)) was modeled following Drake and Weishampel (2001),
where fuel (Fuel) and tree size (HtLP) determine fire mortality
probability. Here, fuel acts as a surrogate for fire intensity. Fuel was
the summed biomass values for pine litter (BLP), hardwood litter
(BHW), and wiregrass (BWG) accumulated within each cell since the
last fire. (See Section 3.3 ‘Fire and fuel component’ for biomass
and fire details). Fire intensity mainly affected smaller pines, while
larger pines were more apt to survive a fire with minimal influence
from intensity levels. The longleaf pine fire mortality parameter
(FPLP) was a value used for calibration with values ranging from
zero to one (Appendix A).

MfLP = FPLP(1.0 − e−Fuel)e0.2−HtLP +1.0
(6)

3.1.4. Competition index
The competition index (CILP: Eq. (7)) was  directly impacted by

tree size within the focal cell and its neighboring trees, with output
values ranging from zero to one. A value closer to one simulated
higher influence from competition while those closer to zero sim-
ulated lower influence from competition. The CI parameter (CPLP)
and the asymptotic height value (AHtLP) were used for model cal-
ibration (Appendix A). The CPLP typically ranged from 0.05 to 0.1.
With a lower CPLP value, growth increased and mortality from com-
petition decreased (see Section 3.4 ‘Model dynamics’).

CILP = CPLP
SumHt1LP

AHtLP
(7)

The sum height value (SumHt1LP, Eq. (8)) was  a function of tree
heights of neighboring cells. Within a two cell radius (distance
range: 2.5–18.6 m),  all adult and sub-adult trees or those larger than
the focal cell were summed, including both longleaf and hardwood
trees. Each sum height value was  adjusted by the number of trees
(CtLP or CtHW) and maximum number (MaxLP or MaxHW) allowed
within a cell for each tree type. Similar approaches have been used
successfully in lattice type models to represent neighborhood plant
competition (Drake and Weishampel, 2001). The same functions
for competition (Eq. (7))  and sum height (Eq. (8))  were used for
hardwoods as well.

SumHt1LP =
∑

(HTLP)e(CtLP /MaxLP ) +
∑

(HtHW )e(CtHW /MaxHW ) (8)

3.2. Hardwood population

3.2.1. Fecundity
Fecundity of southern hardwoods is a product of acorns from

mature trees and clonal rhizomatous sprouting (Abrahamson and
Layne, 2003). In a frequently burned longleaf pine savanna, the
main reproduction pathway is through clonal sprouting from young
non-acorn baring shrubs (Guerin, 1993). Although mature hard-
woods are present, they are few and most likely contribute little
to acorn born trees. Fecundity was  modeled essentially on clonal
sprouting, although this could be representative of seed germina-
tion from a nearby adult tree. Hardwood clonal spread distance
has been found to be within 5–10 m.  Genetic clonal pairs of two
southern oak species (Q. laevis, Q. margaretta) were frequently
found within 5 m of each other, some ranging up to 10 m (Berg and
Hamrick, 1994), and found across many size classes (up to ∼20 cm
dbh). In the LLM, all hardwoods were able to spread (average dis-
tance 7 m)  to one randomly chosen empty (of other hardwoods)
adjacent cell per time step. Clonal spread rate and vigor is especially
difficult to determine and important controls are unknown.
In the field monitoring study at Ichauway, an average of 10 hard-
wood sprouts were found within a 16 m2 area plots, and no new
clonal sprouts were found over 1 year, suggesting a relatively low
spread rate. Using this information for the LLM, 1–10 (randomly
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hosen) clones could spread into one adjacent cell of a hardwood
t a probability spread rate of 0.05.

.2.2. Growth
Growth rates of southern hardwoods are not well known, there-

ore we assumed a similar pattern of asymptotic growth as other
ree species (Greenberg and Simmons, 1999). To simulate hard-
ood height growth, the same growth pattern as longleaf pine was
sed for the larger trees. A distinct difference between hardwood
nd longleaf height growth occurs in the younger years. Young
ardwood sprouts grow vigorously for several years (assuming
o disturbance) and may  reach several meters in height quickly
Rebertus et al., 1989). As such, young hardwoods in the LLM grew
y 0.5 m year−1 up to age 3. The ability for hardwoods to reach 1.5 m

n 3 years was an advantage over longleaf pine in the model, espe-
ially with the implementation of the longleaf dormant grass stage.
or comparison, it took longleaf pine seedlings an average of 5.6
ears (SD – standard deviation = 2.1 years) to reach 1.5 m in height.
fter age 3, hardwood growth (HtHW, Eq. (9))  followed the same

unction as longleaf pine. The hardwood parameters are distinct
rom the longleaf pine equation (Eq. (2)) with unique asymptotic
eight (AHtHW = 32.5 m and 26.0 m,  Ichauway and Ordway, respec-
ively) and competition index values (Appendix A). AHtHW was
alculated identically to longleaf using hardwood height index val-
es of 25 m and 20 m for Ichauway and Ordway, respectively.

tHW = AHtHW (1.0 − e−0.02AgeHW )(1.0 − CIHW ) (9)

.2.3. Mortality
In a frequent fire regime, complete mortality from fire is signif-

cantly less in southern hardwoods than for longleaf pine, as most
mall or young hardwoods are top-killed and re-sprout from their
oot base. When larger, they have thick fire-resistant bark to min-
mize effects from fire (Myers, 1990). Hardwoods under 2 m tend
o be top-killed (Guerin, 1993; Williamson and Black, 1981), most
ikely associated with flame heights for these low-intensity fires
Robertson and Ostertag, 2007).

Similar results were found in this study’s field observations,
here 97% of hardwoods below 2 m were top-killed after fire (i.e.,

e-sprouting from root base was observed) and those that survived
i.e., neither top-killed nor completely killed) were mainly above

 m (similar to Guerin, 1993), suggesting an identifiable threshold.
hose that survived fire and were below 2 m were found in large
orest gaps (>0.25 ha), where the altered fire environment hindered
re spread and intensity creating unburned patches within the
nderstory. Using these field observations, most hardwoods below

 m in the LLM were top-killed, with a 0.02 probability of complete
urvival and a 0.006 probability of complete mortality (i.e., no re-
prouting from root base after fire). For comparison, Williamson
nd Black (1981) reported a 0.03 probability of turkey oak survival
f those below 2.0 m,  and Rebertus et al. (1989) modeled a 0.05
early complete mortality probability for turkey oak sprouts.

Those hardwoods top-killed in the LLM re-sprouted to a size of
.5 m in 1 year and age was reset to one. This re-sprouting could
ontinue over time in the model if the hardwood remained below

 m (continuously top-killed). It has been noted that the supply
f underground reserves is replenished for continuous re-growth
fter being top-killed (Guerin, 1993; Williamson and Black, 1981).
or logistical ease, all hardwoods below 2 m in a cell had the same
ate regarding fire mortality, survival, or top-kill. All other mor-
ality functions (for taller hardwoods and longleaf pine) checked
ndividual trees for mortality.
Hardwoods above 2 m are not often top-killed in a frequent fire
egime. They may, however, experience delayed mortality. These
rees may  be damaged by fire, but its dominant apical meristem

ay  still be intact. This apical dominance may  suppress sprouting
delling 222 (2011) 2733– 2750 2739

from the base, while using its carbohydrate reserves for allocation
to crown growth. True tree mortality may not occur for several
years, even with some weak re-sprouts that may die along with the
tree (Rebertus et al., 1989). The mid-size classes have been found to
experience the highest fire mortality (even if delayed) because of
their increased susceptibility to bark or crown damage and reduced
ability to re-sprout. As such, higher fire mortality rates were sim-
ulated in the middle-size classes, compared to those below 2 m
(e.g., ∼0.01 for <2 m,  0.10 for 2–5 m,  see Section 4.1.2 ‘Mortality
among size classes’). In the LLM, the hardwood fire mortality (MfHW,
Eq. (10)) function was  similar to longleaf pine and only used for
hardwoods over 2.0 m in height. The fuel (Fuel) and height (HtHW)
values followed the same description as for the longleaf fire mor-
tality function. The hardwood fire mortality parameter (FPHW) was
a value used for calibration, ranging from zero to one (Appendix A).

MfHW = FPHW (1.0 − e−Fuel)e0.2(−HtHW +1.0) (10)

Southern hardwoods in longleaf pine savannas may experience
other natural causes of mortality (e.g., disease, fungal infections,
insects, longevity) that are not explicitly modeled here. For simplic-
ity, natural mortality (MnHW: Eq. (11)) was modeled as a function
of height (HtHW). This linear function was restricted to a maxi-
mum  probability of 0.05, applied only to trees above 2 m in height.
This also ensures that hardwoods reach a reasonable maximum age
(approximately 200 years in the LLM).

MnHW = 0.002HtHW (11)

Southern hardwoods have not been known to experience mor-
tality directly from inter-species competition in a fire-maintained
longleaf community as their competitive abilities (e.g., nutrient
uptake efficiency, shade tolerance) dominate when fire frequency
is reduced or eliminated entirely from the system (Glitzenstein
et al., 1995; Hartnett and Krofta, 1989). As such, hardwood mor-
tality from competition was not modeled here. Hardwood growth
suppression from competition was  simulated using the same func-
tional relationship as longleaf (Eqs. (7 and 8)).

3.3. Fire and fuelbed component

Frequent fire is considered to be necessary in most longleaf pine
savannas, and many managed systems have prescribed burn plans
that follow this regime (Glitzenstein et al., 2003). In the LLM, fire
occurrence was  stochastic with a yearly probability of 0.35 and 0.25
for Ichauway and Ordway, respectively. For this study’s purpose,
fire size was equal to the extent (1.56 ha). Every cell burned com-
pletely and varied in intensity as a function of the accumulation of
fuel biomass. If a fire occurred, all fuel was consumed (i.e., reset to
zero) in the entire study area.

The fuelbed in longleaf savannas almost entirely consists of fine-
fuels that feed and carry a fire, and their distribution is dependent
on the spatial structure and density of the overstory (Mitchell et al.,
2006). Pine and hardwood litter accumulation is more abundant
under or near the tree and in higher tree density patches (Robertson
and Ostertag, 2007), while wiregrass is typically more abundant in
areas with less overstory density due to increased light availability
(Mulligan et al., 2002).

In the LLM, fuel accumulation (kg/25 m2 or kg within a model
cell) was  modeled for three of the main fine-fuel types found in lon-
gleaf pine savannas: pine-needle leaf litter, hardwood leaf litter and
wiregrass. The pine litter (BLP, Eq. (12)) and hardwood litter (BHW,
Eq. (13)) biomass functions were linear and based on literature

values (Robertson and Ostertag, 2007).

BLP = (2.5 + 2.5tsft)TDILP (12)

BHW = (0.5tsf )TDIHW (13)
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Time since fire (tsft) at time t and the tree density indices (TDI,
ee description below) ultimately drive biomass values and accu-
ulation rates. Biomass accumulation began the year after a fire

ccurred and continued until another fire occurred and biomass
as reset to zero. The simulated longleaf pine litter biomass was

n the range of values for other studies with similar pine densi-
ies (Gresham, 1982; Holder, 2000). Pine litter accumulated much
aster than hardwood litter in the model, attributable to the greater
roduction of pine adults relative to the smaller, but also abun-
ant shrub-size hardwoods that produce less overall litter biomass
Robertson and Ostertag, 2007). This is a reasonable assumption
or a frequently burned savanna where this difference in tree size
istribution between tree types is regulated by fire.

The wiregrass biomass (BWG, Eq. (14)) accumulation function
as asymptotic and was based on literature values (Mulligan et al.,

002). An asymptotic biomass value (ABWG) limited fuel accumu-
ation and was consistent with a decomposition based wiregrass
quilibrium that may  occur a few years after fire. The ABWG was
stimated at 6.25 kg per cell, based on data from (Mulligan et al.,
002).

WG = ABWG

(
1.0 − e0.05tsf

)
(1.0 − TDIWG) (14)

All three biomass functions were influenced by the tree density
ndex (TDI, Eq. (15)), a function of the density and size of neigh-
oring trees. This function was used for both longleaf pines and
ardwoods independently. The TDI parameter (DP) was used to
alibrate for biomass accumulation. In the LLM, DP for both tree
ypes was 0.26, with typical ranges from zero to one. A higher
DI value corresponded to either higher pine or hardwood litter
iomass and less wiregrass abundance. TDI for wiregrass was sim-
ly the summation of hardwood TDI and longleaf TDI. SumHt2 (Eq.
16)) was created specifically for the TDI equation and was  a func-
ion of tree heights of neighboring cells for either longleaf pines
r hardwoods, including the focal cell. Within a two cell radius, all
dult and sub-adult trees were summed for either tree type.

DI = SumHT

AHt
DP (15)

umHt2 = (3Htf )e(Ctf/Max) +
∑

(Ht)e(Ctf/Max) (16)

Each height value was adjusted by the number of trees (Ct) and
aximum number (Max) allowed within a cell for each tree type,

imilar to SumHt1  (Eq. (8)). The height of the focal cell (Htf) was
lso included, regardless of size to ensure biomass accumulation
rom all size classes within the focal cell. The Htf value was  mul-
iplied by three to simulate the stronger influence from biomass
ccumulation from the trees in the focal cell, compared to adjacent
ells.

.4. Model calibration and sensitivity analysis

Calibration defines the relationships within and between model
unctions essential for simulating realistic forest processes and
s particularly useful for modeling site-specificity. Understand-
ng how the model responds or its sensitivity to a change in a
arameter’s value is essential to the calibration process (Haefner,
996). The CI (CPLP), fire mortality (FPLP and FPHW), and tree den-
ity index parameter (DP) were calibrated in the LLM for each
ite and tree type and sensitivity of each value is discussed. Each
ite resulted in unique parameters for both longleaf pine and
ardwoods (Appendix A). Using these parameters, the LLM was cal-

brated to maintain a sub-adult and adult longleaf pine (i.e., those

rees >10 m height or approximately 11 cm dbh) density of ∼125
rees ha−1 (±25 SD) over time, mainly by adjusting the CI and fire

ortality parameter. For comparison, densities (ha−1) have been
ound to range widely, from 50 to 209 (trees >5 cm dbh, Greenberg
delling 222 (2011) 2733– 2750

and Simmons, 1999; Outcalt, 2008), 190–233 (trees >10 cm dbh,
Penfound and Watkins, 1937), and 43–90 (trees >20 cm dbh, Grace
and Platt, 1995). Adult hardwood densities were calibrated to main-
tain a very small density (<20 ha−1) when simulating a frequent fire
regime. Seedling, juvenile, and sub-adult longleaf pines were not
directly calibrated.

Changes to each calibration parameter in the LLM influenced
how fire and competition affected population structure. A sensitiv-
ity analysis was performed by varying each base parameter value
(e.g., CPLP = 0.070) by ±20% (e.g., CPLP = 0.056, 0.084) and assessing
possible differences in tree density outputs for each value. For each
parameter value, the LLM was replicated 100 times to capture the
stochastic variability across simulations. To simplify interpretation
of sensitivity, only the Ichauway model was  used (e.g., fire proba-
bility = 0.35, Appendix A). Further details on sensitivity analysis for
LLM calibration parameters are in Loudermilk (2010).

The CI parameter (CPLP or CPHW) was a complex variable used to
calibrate several model components, including growth character-
istics (associated with height index), longevity, competition, and
population densities. Longleaf pine growth and competition were
optimized by, for example, lowering the longleaf CI parameter to
improve height growth and reduce mortality sensitivity from com-
petition. Mortality from competition was  calibrated by assessing
the change in population densities over time. Mortality from com-
petition was sensitive to 20% changes in the longleaf CI parameter,
responding indirectly with a 20% increase or decrease in adult
longleaf density (Appendix A). Hardwoods therefore, responded
positively (7–16 adults ha−1) to an increase in the longleaf CI, as this
reduced impacts from growth suppression (see Eq. (9)). This 20%
change did not change community structure (from longleaf savanna
to hardwood forest) however, and should be used to fine-tune com-
petition intensity effects on tree populations. The CI parameter also
influenced tree longevity by driving tree growth rates and com-
petitive responses. The target longevity age for longleaf pine and
hardwoods were approximately 200–400 years and 100–200 years,
respectively (Duncan and Duncan, 1988).

The fire mortality (FPLP or FPHW) and the TDI parameter (impacts
on fuel accumulation) were calibrated in association with fire
probability to balance longleaf and hardwood population densities
without affecting growth (i.e., as the CI parameter may). The LLM
was insensitive to changes in the TDI parameter (see Loudermilk,
2010) and ultimately, was set as a constant (0.26 for each study site
and tree type, Appendix A). Longleaf pine and hardwood popula-
tions were sensitive to a 20% change in the fire mortality parameter
(i.e., changing fire intensity) (Appendix A). As expected, population
densities for those trees above 10 m changed (12–20%) in accor-
dance with their change in fire mortality parameter (i.e., higher
mortality = lower densities). Although the fire mortality parame-
ters only impacted mortality rates of their respective tree type (see
‘fire mortality rate’ in Appendix A), both populations were affected
regardless of direction of change or parameter modified. For exam-
ple, changing the fire parameter for longleaf from 0.79 to 0.99,
hardwoods responded positively (mean 4–9 ha−1) as fire mortal-
ity reduced longleaf populations (mean 151–124 ha−1), although
fire mortality rates for hardwoods did not change. Longleaf adult
densities responded similarly when hardwood mortality rates were
impacted by the hardwood fire mortality parameter. Young lon-
gleaf (<10 m)  densities increased (e.g., 700–811 ha−1) using a higher
fire mortality parameter (e.g., 0.79–0.99) simply because more for-
est gaps were created (more overstory killed by fire), improving
chances of seed dispersal and successful germination in the LLM.
Despite this, the overall longleaf population was suppressed from

elevated fire intensity (higher parameter values) over time.

Although the LLM was  sensitive to CI and fire mortality param-
eters, population densities were reasonable for a fire-maintained
longleaf pine savanna (Grace and Platt, 1995; Greenberg and
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immons, 1999; Penfound and Watkins, 1937) regardless of value
sed: large-sized tree densities (i.e., those >10 m)  ranged from 100
o 175 longleaf pine ha−1 and 1 to 33 hardwoods ha−1 among the
wo sensitivity assessments (Appendix A). These two parameters
ere useful for fine-tuning how fire intensity or competition influ-

nced population abundance within the LLM, and could be used
o calibrate for site-specific conditions or known population esti-

ates.

.5. Model evaluation

To assess model performance, the model was evaluated with
nown forest gap dynamics, size-specific mortality response using

 fire frequented and fire suppressed regime, overall commu-
ity response to varying fire frequency, and site-specific in situ
easurements of height, density, and population structure. For-

st gap evaluation included assessing the competitive environment
etween pine recruitment and hardwood encroachment within
orest gaps coupled with the influence of gap size (e.g., litter char-
cteristics and adult pine spatial configuration). Relative and actual
ean mortality rates due to natural causes, competition (longleaf

nly), and fire were calculated within each size class over a 500
ears simulation for both longleaf and hardwoods. Mean mortality
ates were compared between a frequent fire (0.35 fire probabil-
ty) and fire suppressed (0.05 fire probability) regime using the
chauway LLM, although very similar results were found with the
rdway LLM.

To address how well the LLM responded to various fire frequen-
ies, a range of fire probabilities (i.e., 0.05, 0.10, 0.15, 0.20, 0.25,
.30, 0.35) were used to assess changes in population densities
nd community structure within two longleaf sites (Ordway and
chauway). The LLM was  run 100 times (500 years simulation) for
ach fire probability and mean abundance values were calculated
ithin two size classes (>10 m and <10 m)  for each tree type. Rela-

ive (mean) abundance between hardwoods and longleaf pines was
alculated within the two size classes for each fire probability.

The LLM was evaluated with independent in situ and aerial
IDAR data from both study sites to compare their estimated tree
opulation densities and height distributions. LIDAR data were col-

ected on January 2007 and March 2008 for Ordway and Ichauway,
espectively. At Ordway, the Optech ALTM (Airborne Laser Terrain
apper) 1233 was used with a pulse frequency of 33 kHz, record-

ng first and last returns. At Ichauway, the Optech Gemini was used
ith a pulse frequency of 125 kHz, recording first, second, third,

nd last returns, resulting in denser laser point clouds than with
he ALTM 1233 system. Detailed LIDAR specifications are found in
oudermilk (2010).

Twenty randomly selected 125 m × 125 m plots within each
tudy site were created in a Geographic Information System (ArcGIS
.2, ESRI, Redlands, CA) to examine tree populations within the
IDAR dataset and in the field. An algorithmic technique, previously
eveloped for slash pine plantations (Lee et al., 2010), was  used to
etect tree positions of canopy trees above 10 m in height using the
aw LIDAR point data within each of the 20 plots. The algorithm
akes a top–down approach to identifying treetops. Since the tree-
op should be the highest LIDAR point for a particular tree canopy,
t starts by finding the highest point in each LIDAR dataset. The
oints horizontally proximal to the first treetop are then removed
rom the LIDAR data set, resulting in a new subset. The second
ighest treetop is identified from the new subset. This process is
epeated to identify additional treetops in progressively smaller
ubsets and terminates when all treetops are found. To reduce

rrors of commission, the algorithm was restricted to only iden-
ifying trees above 10 m in height and at least 3 m apart. Once all
rees were detected, tree heights were estimated by calculating
he distances to the treetops from the ground surface estimated
delling 222 (2011) 2733– 2750 2741

by an adaptive multi-scale filtering procedure (Kampa and Slatton,
2004).

Field data were subsequently collected at both field sites to com-
pare with the LIDAR tree estimates and outputs from the LLM. Here,
longleaf and hardwood population densities, including those below
10 m in height could be measured, which were not estimated from
the LIDAR dataset. A fixed area stratified grid sampling approach
(25 m spacing) was used to collect field data in five of the 20 plots
measured by the aerial LIDAR for each site. At each sample point (16
per plot), heights were recorded for all longleaf and hardwood trees
above 10 m in height within a 10 m radius. Abundance of all lon-
gleaf seedlings or sapling below 10 m as well as hardwoods 2–10 m
tall was  also recorded at each sample point. Hardwoods less than
2 m tall were not recorded to reduce bias and error from discern-
ing individuals from vigorously sprouting plants (after fire) in dense
areas. Longleaf pine and hardwood height and density distributions
were recorded (at the end of year 250) over 10 LLM simulations to
assess with the LIDAR and field estimates. The mean and standard
deviation of heights and densities were assessed across the LLM
simulations and for the in situ data. To assess population structure
output from the LLM, both cumulative (all 10 runs) and individual
(one run) height frequency distributions (histograms) were used to
compare with each site’s population structure.

4. Results and discussion

The LLM is the first known spatially explicit model to simulate
interactions among longleaf pines and southern hardwoods in a
fire-maintained ecosystem. The approach was based on simulating
critical population processes such as pine seed masting, hardwood
clonal sprouting, response to fire (re-sprouting, mortality), and tree
density driven competition. This model can be used to evaluate the
response of longleaf pine and hardwoods within forest canopy gaps
as well as a mortality response across size classes and change in fire
frequency.

4.1. Longleaf pine and hardwood dynamics

4.1.1. Forest gap assessment
The LLM realistically represented the complex interactions that

occur between longleaf pine and hardwoods in relation to fire,
particularly with respect to spatial patterns of pine regeneration
success and competition. In the LLM, pine seedlings were able
to establish in forest gaps, where no adult pines where present
(Fig. 2a, b). If hardwoods were present (Fig. 2c), seedlings were
more susceptible to competition (Fig. 2b). This is representative
of the change in fire environment in forest gaps, where the lack of
pine leaf litter and change in fuel structure may  reduce fire inten-
sity and promote hardwood survival and continued height growth
(Mitchell et al., 2006). In this particular output (Fig. 2c), hardwoods
established in a gap area about 0.06 ha, the size of a small gap open-
ing that could be from a dispersed retention or small aggregate
retention (i.e., single-tree or small group selection) harvesting pre-
scription (Palik et al., 2003) or natural disturbance (e.g., lightning,
wind).

Hardwoods present in the understory may survive fires and
develop into the mid-story in this size gap (0.06 ha) and within
only a few years (3) since the last fire (Mitchell et al., 2006; Pecot
et al., 2007). The variation in hardwood survival and growth in
association with fire regime (e.g., time since last fire, past fre-
quency, fire intensity, Rebertus et al., 1989) coupled with forest
gap size and understory condition (i.e., wiregrass and pine lit-

ter abundance and distribution) has not been clearly quantified.
Rebertus et al. (1989) did model hardwood mortality in relation
to hardwood size (dbh) and nearby adult pines (distance and size)
in longleaf savannas, although other critical components (i.e., gap
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Fig. 2. Spatial outputs from the LLM during a frequent fire regime illustrating (a)
longleaf pine tree height (m)  distribution, (b) the number of pines within each cell,
and  (c) hardwood tree height (m)  distribution. The yellow circles indicate where
pine seedlings established in a forest gap after a seed masting event. The cyan circles
indicate where seedlings were susceptible to competition from hardwood encroach-
m
e
i

s
i
e
1
t
s

ent in a forest gap. Each colored square is a 5 m × 5 m cell (25 × 25 cells, 1.56 ha
xtent).(For interpretation of the references to color in this figure legend, the reader
s  referred to the web version of the article.)

ize, fine-fuel characteristics, hardwood height threshold) were not
ncluded. This variation in hardwood survival has been observed

lsewhere (Drewa et al., 2002; Glitzenstein et al., 1995; Guerin,
993; Thaxton and Platt, 2006; Wahlenberg, 1946) and among the
wo longleaf study sites. At Ordway (2 years since fire), hardwood
urvival (mean = 120 stems ha−1, >2 m)  was found in all six forest
delling 222 (2011) 2733– 2750

gaps ranging from 0.05 to 0.18 ha in size. At Ichauway (1 year since
fire), hardwood survival (mean = 20 stems ha−1, >2 m)  was  found
in gaps ranging from 0.10 to 0.30 ha in size. The variation between
sites was  likely due to their difference in disturbance history, cur-
rent site condition, and existing population structure.

Furthermore, pine seedlings established in the next adjacent cell
to an adult pine, less than 5 m separation distance. This was well
within the ‘exclusionary zone’ suggested by Brockway and Outcalt
(1998). In that study, high densities of naturally regenerated lon-
gleaf seedlings were found more than 12–16 m from forest gap
edges or nearby adults, suggesting ideal gap sizes of 0.1–0.2 ha in
size (40–50 m diameter) for successful regeneration and minimal
intra-species competition [note inter-species (hardwood encroach-
ment) was not measured]. Although other studies (McGuire et al.,
2001; Palik et al., 2003; Pecot et al., 2007) have in-part supported
this, reporting higher seedling growth within these large gap open-
ings, seedling survival rates were found to be highest closer to
adults (i.e., gap edges or intact forest). Hardwoods were ‘released’
into the mid-story in larger gap openings, changing fuel structure
and potentially suppressing pine seedling establishment, growth,
and survival. As such, smaller and more variable gap sizes (as seen
using the LLM) or overstory densities were found to be sufficient for
pine regeneration in natural stands, where parent trees facilitated
survival of nearby seedlings, hardwood encroachment was  min-
imal, and fine-fuels remained intact (Mitchell et al., 2006; Pecot
et al., 2007). It is important to note that although seedlings may
have successfully established nearby an adjacent parent pine tree in
the LLM, seedling growth and mortality was significantly impacted
by competition nearby these adults and plant–plant facilitation was
not directly modeled using the LLM. Ultimately, these gap dynam-
ics simulated in the LLM provide for an approach to assessing the
coupled responses of longleaf pine and southern hardwoods in
association with a changing fire regime.

4.1.2. Mortality among size classes
Mean mortality (hereon called ‘mortality’) among size classes

was consistent with known pine and hardwood mortality response.
Within a frequent fire regime (Fig. 3a), longleaf pine seedlings
(0–1 m,  overall mortality = 0.33, fire mortality = 0.20) and saplings
(3–11 m,  overall mortality = 0.17, fire mortality = 0.15) had higher
mortality rates in general and were more susceptible to fire than
larger trees (>11 m,  overall mortality ranged from 0.016 to 0.10
within size classes). Seedling mortality rates have been found to
be high, i.e., 62–66% (Boyer, 1963; Croker and Boyer, 1975; Jones
et al., 2003; Palik et al., 2003), and have been modeled as such
(Cropper and Loudermilk, 2006; Loudermilk and Cropper, 2007).
This study’s field observations found 24–93% of planted seedlings
[mean (SD) RCD: 0.8 cm (0.3)] died from fire across the two study
sites, suggesting variability associated with site characteristics and
fire intensity. In the LLM, overall mortality remained below 0.10 for
height classes above 11 m,  where variation in population densities
and effects from competition, fire, disease, or other natural causes
may  decrease dramatically (Platt et al., 1988).

Despite these low mortality rates within these larger longleaf
size classes, there were interesting relationships between causes of
mortality (Fig. 3a). For instance, competition became more influ-
ential in the middle to large size classes (11–18 m to 23–27 m),
where the trees were less susceptible to fire (fire mortality <0.08
within each size class, as opposed to 0.15–0.20 in size classes below
11 m).  In reality, the sapling to sub-adult trees may be seen (spa-
tially) aggregated in similar aged cohorts (most likely in forest
gaps and from a prior masting event). They are tall enough to

escape lethal fire temperatures, have already developed thick fire-
resistance bark, and are less susceptible to disease or infection than
younger and older trees [e.g., brown spot needle blight or heart rot,
respectively (Myers, 1990)]. At higher densities, competition may
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ig. 3. Simulated size-specific relative and actual mean mortality rates of (a, b) long
re  regime. Mean relative mortality between natural causes, competition (longleaf
he  dotted line represents the actual mean mortality rate within each size class yea

e more a driver of mortality than fire or natural causes for these
id-size trees. Furthermore, mature longleaf pine savannas are rec-

gnized as having large spacing (often over 5–10 m)  between adult
rees (Myers, 1990). Many trees measured in the field (and many
bove 20 m in height) were however, clumped (2–5 trees) together
ithin ∼5 m from each other at both study sites (see Section 4.2.2,

Evaluation among study sites’). This suggests either a facilitation
ffect between trees or a long-lag time for competitive intra-species
ffects within the larger size classes.

Not surprisingly, mortality from natural causes was the
trongest driver of mortality in the largest size classes (>30 m,
ig. 3a). In reality, these larger trees are known to be resistant to
ow-intensity frequent fire and competition, but may  perish from
eart rot, windthrow, or lightning (Outcalt, 2008). Overall, natural
ortality rates remained below 0.03 across size classes.
Seedlings (0–1 m size class) were sensitive to competition in the

LM (Fig. 3a), comprising 27% of the total mortality (mortality from
ompetition = 0.09, overall mortality = 0.33) in the first size class.
eedlings compete with nearby larger pines and faster growing
ardwoods, mainly for light availability (McGuire et al., 2001; Pecot
t al., 2007). Although adult pines have been found to facilitate
eedling survival during droughty conditions (Pecot et al., 2007),
his was not implemented into the LLM.

During simulated fire suppression, competition was  the domi-
ant driver of mortality among all but the very largest size classes

Fig. 3b). Mortality from other natural causes was below 0.03 across
ize classes regardless of fire regime (i.e., no impact from fire fre-
uency or competition in the LLM). Fire mortality was  low simply
ecause fires were rare. When a fire did occur, the impact was  seen
nes and (c, d) hardwoods for (a, c) a frequent fire regime and (b, d) a fire suppressed
, and fire was calculated within each height size class over a 500 years simulation.
ight y-axis). Results were similar for both study sites (Ordway and Ichauway).

across size classes (fire mortality <0.01) and was representative of
the long-term (often over 10 years) fuel accumulation influencing
fire intensity.

Little to no fire mortality was found in the 0–1 m size class
because there were few seedlings to kill, as germination was elimi-
nated in the LLM after the first bout of 20 years without fire (Section
3.1.1). The few pine seedlings and saplings that were occasionally
present were out-competed by faster growing more shade-tolerant
hardwoods. Here, hardwoods had developed into the mid- and
overstory, transitioning the community into a hardwood domi-
nated ecosystem.

The largest trees (>30 m)  were least susceptible to competi-
tion in the LLM (compared to ‘other natural causes’ of mortality).
Competition did however, have a negative impact on longleaf
growth (see Eq. (2)),  as trees never exceeded 34 m in height. It is
unclear why there was  higher mortality in the 23–30 m size classes,
although all competition mortality rates remained below 0.09.

Larger longleaf individuals have been known to live on for many
years after the onset of fire suppression, eventually dying from
other natural causes or a catastrophic fire event (Varner et al.,
2005). Without fire, pine-needle litter may  accumulate around the
base of large pines, creating a thick duff layer. If a subsequent
fire occurs, this duff layer may  smolder long after the fire has
passed, killing sensitive fine-roots that have grown into the duff
layer (Jacqmain et al., 1999) and altering subsequent physiological

responses (O’Brien et al., 2010). Such mortality dynamics were not
implemented into the LLM.

Interestingly, overall mortality was lower (using summed mor-
tality rates across size classes) in the fire suppressed regime than in
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he fire frequented regime (0.38 and 0.75 total mortality, respec-
ively). This was both an artifact of the restricted recruitment of
ongleaf during fire suppression and the lack of trees killed by fire
i.e., small no. of seedlings or saplings available to perish during fire
r from competition) over the entire 500 years simulation period.
his is plausible, as fire suppressed longleaf pine systems typically
nly comprise of sub-adult to adult trees, where few seedlings
ave established over time or perished from competition during
he early onset of fire suppression. The remaining larger trees may
urvive for some time as they are much less susceptible to com-
etition (Hartnett and Krofta, 1989). They eventually succumb to
ome natural cause of death (e.g., beetles, disease) or from the
ntermittent high severity fire (Palik and Pederson, 1996; Varner
t al., 2005). Without further recruitment, the demise of the lon-
leaf community is inevitable. In the model, most longleaf mortality
ccurred in the two smallest size classes (Fig. 3a). These mortal-
ty rates were lower during the fire suppressed simulation simply
ecause recruitment ceased and there were fewer available to die
ver the entire simulation.

Hardwoods were more susceptible to fire in the smaller size
lasses, compared to other natural causes (Fig. 3c). The small-
st (0–1.5 m)  hardwoods survived most fires by being top-killed
nd re-sprouting afterwards, minimizing rates of true mortality
y fire (0.003) in this size class. The higher rates of mortality

n the mid-size classes (1.5–10 m,  fire mortality = 0.08–0.1) were
epresentative of their delayed mortality by fire discussed ear-
ier (see Hardwood population: mortality, Section 3.2.3). Here,
elowground carbohydrate reserves may  be allocated for repairing
ossible crown damage (from fire) rather than re-sprouting from
he base when they are completely top-killed (i.e., damaging com-
letely the apical meristem). Fire mortality rates have been found to
e higher in these mid-size classes [reaching as high as 0.4 mortality
Rebertus et al., 1989)] and modeled as such in the LLM.

Larger hardwoods were more susceptible to natural mortality
han by fire, via the linear natural mortality function (Eq. (11)).
hese larger trees have thick bark that can withstand under-
tory fires (Myers, 1990). During fire suppression, mortality rates
ecreased (0.32–0.11) simply because fires were less frequent
Fig. 3d). This shifted the relative mortality of other natural causes
o drive mortality rates. Hardwood mortality rates ranged from
.004 to 0.10 and 0.002 to 0.02 using a fire frequented and fire
uppressed regime, respectively.

.1.3. Response to change in fire frequency
Maintaining a frequent fire regime on intact longleaf pine

avanna sites is often considered the best management approach
or sustaining a healthy ecosystem and suppressing hardwood
ncroachment (Glitzenstein et al., 1995). Determining the ideal fre-
uency may  be difficult and can be based on many factors, such as
urrent site quality (e.g., wiregrass or hardwood abundance), site
roductivity, timber removal regime, or restoration needs (Mitchell
t al., 2006; Van Lear et al., 2005). We  addressed this by assessing

 range of fire probabilities (0.05–0.35) in the LLM for both study
ites.

Fire probability variation had dramatic effects on relative popu-
ation densities of longleaf pines and hardwoods, especially below

 0.25 fire probability (Fig. 4). This was particularly evident for trees
elow 10 m (Fig. 4b, d). These results suggest that within these
avanna systems, a fire probability of 0.15 (mean fire return inter-
al = 6.7 years) or above may  sustain a longleaf pine dominated
verstory (Fig. 4a, c). At the 0.15 fire probability, the system may  be
n transition, with its ecosystem resilience (Peterson et al., 1998)

ensitive to subsequent changes in fire regime. This mean 6.7 years
eturn time may  lead to greater hardwood survival, lowered proba-
ility of pine germination, and stronger competitive impacts on the
ine population over time (Hartnett and Krofta, 1989; Pecot et al.,
delling 222 (2011) 2733– 2750

2007; Wahlenberg, 1946). At lower fire probabilities (<0.15), output
population structure was  more variable: Using the Ichauway LLM,
half of the replicate LLM runs simulated a complete change of com-
munity structure (using the 0.15 fire probability) from longleaf pine
savanna to hardwood forest, while one-fifth of the runs simulated
this change in community structure using the 0.20 fire probabil-
ity (mean fire return interval = 5 years). Fire probabilities above
0.20 (<5 years mean fire return time) were more likely to result
in the characteristic fire-maintained system over time as negative
feedbacks (e.g., hardwood suppression, dominance of both larger
and smaller longleaf pines) maintained longleaf savanna commu-
nity stability. Although stochastic models such as the LLM cannot
define precise thresholds for system state transitions, they can pro-
vide insights on the role of relevant processes (e.g., negative and
positive feedbacks) in this dynamic fire-prone system.

A few longleaf pines continued to survive in the low fire
probability (0.05) simulations. These were larger older trees that
were less sensitive to competition (e.g., as seen in Fig. 3, mor-
tality rates). These trees may  live on for many years, as found
on degraded sites (Hartnett and Krofta, 1989), but may  perish
with subsequent intense fires (Varner et al., 2005). Recruitment
was suppressed however (mean number of longleaf <10 m = 5, 0.05
fire probability), and the entire longleaf population would eventu-
ally disappear without intensive restoration efforts. Interestingly,
hardwoods were rarely eliminated from the system, regardless of
fire frequency. This is mainly attributed to their re-sprouting and
growth vigor and overall adaptation to survive in fire-frequented
systems (Rebertus et al., 1989).

The Ordway LLM was less sensitive to fire suppression than
the Ichauway LLM (Fig. 4). Relative abundance of adult hardwoods
did not surpass longleaf until the 0.05 fire probability (at 0.1
fire probability for Ichauway). Smaller longleaf individuals were
found in higher numbers at the lower fire probabilities as well.
This may  be characteristic of the lower site productivity (Mitchell
et al., 1999) compared to the more clay-like soils of Ichauway.
At Ordway, growth and competition may  be lower and ecosys-
tem health could be maintained at lower fire frequencies (higher
return times). The higher number of smaller longleaf pines may
also be an artifact of the growth function (Eq. (2)) and the poten-
tial growth (asymptotic restriction), where more trees may remain
under 10 m for longer. These population numbers may  be skewed
towards the lower size classes, making it somewhat difficult to
compare across study sites. Ultimately, both study LLM models
responded to change in fire frequency by either maintaining lon-
gleaf pine ecosystem structure (high frequency) or transitioning
into a hardwood dominated community (low fire frequency) in
accordance with known successional characteristics (Chapman,
1932; Heyward, 1939; Wahlenberg, 1946).

4.2. Evaluation with in situ data

The LLM simulated height distributions (Table 2) and popula-
tion densities (Table 3) were consistent with in situ data from two
longleaf pine sites. LLM height estimates within and among sites
were similar to field and LIDAR estimates, while LLM population
densities were underestimated in comparison with the field data.
Mean longleaf height values from the LLM (22.2 m)  were very sim-
ilar to field estimates (22.8) at Ichauway, while hardwood heights
were comparable at Ordway (12.3 m vs. 12.1 m, LLM vs. field mean
height, Table 2). The LLM overestimated mean height for longleaf
pines above 10 m at Ordway (18.5 vs. 14.6, LLM vs. field mean
height) and underestimated hardwood heights at Ichauway (13.5

vs. 18.4, vs. field mean height). Interestingly, mean longleaf and
hardwood heights (below 10) were taller (by ∼1.5 m) at the Ordway
than Ichauway (using the LLM), despite the lower growth poten-
tial at Ordway. This is simply an artifact of the growth function
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Fig. 4. Changes in relative (mean) abundance of (a, c) larger (>10 m)  and (b, d) smaller (<10 m)  longleaf pine (LP) and hardwood (HW) trees across various fire probabilities
(0.05–0.35) using the LLM for both Ichauway (a, b) and Ordway (c, d) over a 500 years simulation (100 replicates). Relative abundance between hardwoods and longleaf was
calculated within each size class for a particular fire probability.

Table 2
Height distributions estimated for Ichauway and Ordway from LIDAR data, field data, and simulation outputs from the LLM. Longleaf pine (LP) and hardwood (HW) mean
(SD)  heights were recorded for trees above and below 10 m.

All >10 m LP >10 m LP <10 m HW >10 m HW <10 m

Ichauway height distribution (m)
LIDAR data 25.2 (3.1) – – – –
Field  data 22.8 (4.8) 22.8 (4.8) – 18.4 (4.6) –
LLM  output 22.2 (6.7) 22.5 (6.6) 2.4 (1.1) 13.5 (3.0) 2.4 (1.3)

Ordway height distribution (m)
LIDAR data 15.0 (3.4) – – – –
Field  data 14.3 (3.0) 14.6 (3.0) – 12.1 (1.6) –
LLM  output 18.2 (5.2) 18.5 (5.1) 4.0 (1.8) 12.3 (1.9) 4.0 (1.9)

Table 3
Population densities estimated for Ichauway and Ordway from LIDAR data, field data, and simulation outputs from the LLM. Longleaf pine (LP) and hardwood (HW) mean
(SD)  densities were recorded for trees above and below 10 m.

All >10 m LP >10 m LP <10 m HW >10 m HW 2–10 m

Ichauway population density (per ha)
LIDAR data 86 (18) – – – –
Field  data 145 (95) 144 (94) 49 (139) 3 (2) 115 (268)
LLM  output 125 (23) 120 (24) 81 (97) 5 (3) 56 (52)

Ordway population density (per ha)
LIDAR data 101 (18) – – – –
Field  data 171 (84) 156 (83) 304 (310) 15 (9) 113 (139)
LLM  output 110 (26) 104 (25) 339 (363) 6 (4) 71 (51)
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Eq. (2)), where more trees may  remain under 10 m for longer. This
ltimately generated higher average height values (below 10 m)  at
rdway. The overall assessment of height estimates was promis-

ng, especially with minimal inputs from field data and calibration
fforts. The LLM output heights were representative of the poten-
ial growth function (Eq. (2))  and could be further calibrated with
nown height values.

For both sites, simulated population densities were under-
stimated for longleaf pines above 10 m (e.g., mean 104 ha−1

s. 156 ha−1, Ordway LLM vs. field data, Table 3), while hard-
ood values were similar to field estimates (e.g., mean 6 ha−1 vs.

5 ha−1, Ordway LLM vs. field data). Although there were differ-
nces between densities among the smaller trees for both tree
ypes, observed densities in longleaf forests are highly variable.
or instance, Greenberg and Simmons (1999) found approximately
–178 longleaf seedlings km−2 (<5 cm dbh) across four sites.
agnon et al. (2004) found 0–2760 (mean) seedlings ha−1 (<2.5 cm
bh). Variability was also found among the LLM simulations [e.g.,
ean (SD) hardwoods 2–10 m = 339(363) at Ichauway]. The onsite

ariability may  be an artifact of past and current management
egimes (e.g., changes in fire frequency, ranching, timber harvest-
ng), differences in recruitment and longleaf seedling growth (site
haracteristics), as well as forest gap dynamics (Gagnon et al., 2004;
cGuire et al., 2001). Population densities were underestimated
ith the LIDAR data, mainly attributed to tree omission by the algo-

ithm (i.e., initial setup of 3 m distance between trees). Many trees
ithin the smaller size classes (∼10–15 m)  were missed, as they
ere found either clumped together or under the canopy of older

arger trees when measuring them on site. This may  be a prob-
em when identifying trees using LIDAR, especially in the area of

ulti-layered and significantly overlapped trees.
The simulated height frequency distributions (tree heights

10 m)  were representative of populations that fluctuate through
ime (Fig. 5). The comprehensive height distribution across 10 LLM
uns illustrated a bi-model distribution of heights for both study
ites (Fig. 5a, d), while individual runs (e.g., Fig. 5b, e) and study sites
e.g., Fig. 5c, f) demonstrated a distinct population height struc-
ure. Individual LLM runs output a range of height distributions; left
kewed, right skewed, normally distributed, or bi-modal, all depen-
ent on the maturity state of the population at a particular point

n time. The in situ data for Ichauway demonstrated a population
ominated by larger, older canopy trees (i.e., mature forest, Fig. 5c),
nd the Ordway consisted of a smaller, younger sub-adult popula-
ion (Fig. 5f). These research sites were essentially in two  stages
f forest community development, characteristic of their site his-
ory. The particular area at Ichauway has been managed by frequent
re (1–3 year return interval) for over 70 years and was mini-
ally impacted before then by anthropogenic disturbances (e.g.,

arvesting), creating a well managed and healthy second-growth
orest. Here, the overstory has been able to mature and sapling or
ub-adults may  be less abundant, often only found in or near for-
st gaps. Ordway has been managed by frequent fire (3–10 years
eturn interval) for over 20 years and was impacted by logging,
anching, and fire suppression prior to this. At Ordway, a large seed
asting event in the late 1980’s has replenished much of the lon-

leaf population. This burst in population was represented here
Fig. 5f) in the middle size classes (∼10–15 m),  where the larger,
lder adults were less abundant. Hardwoods within this size class
ere also more abundant at Ordway than Ichauway (Table 3), fur-

her skewing frequencies towards the middle size classes. These
omplex size frequency distributions have been found in other lon-
leaf pine woodlands (Gilliam and Platt, 1999; Hartnett and Krofta,

989; Platt et al., 1988) and other forests (Wright et al., 2003).

The similarities between the in situ and LLM height distribu-
ions and population densities were remarkable (Tables 2 and 3,
ig. 5) considering the minimal data used (height index, compe-
delling 222 (2011) 2733– 2750

tition index) for potential height growth. The only data used to
calibrate heights were the maximum canopy height of the LIDAR
dataset (not the height distributions) and literature values associ-
ated with typical hardwood height estimates (see Section 3, ‘Model
development and description’, Appendix A). Population density
estimates are quite variable in the literature as well. Surprisingly,
the small longleaf (<10) densities (Table 3) were found to be several
orders of magnitude different between sites and modeled as such
using the LLM without any calibration.

The key model parameters for hardwood fecundity, sprout fire
mortality, and pine seedling fire mortality rates are based on
direct field measurements. Measured hardwood clonal density and
spread rates were used for parameterization of hardwood fecun-
dity, values which were not available in the literature. Measured
hardwood sprout survival rates (top-killed and complete kill) after
fire coupled with determining a height threshold (2 m)  was crit-
ical for model development. Monitoring pine seedling mortality
after fire provided an additional source (including literature data)
of verification of pine seedling response after fire. Ultimately, the
simple field monitoring provided critical data needed for model
parameterization and verification.

4.3. Knowledge gaps

Forest models are often most useful for determining knowledge
gaps of a particular system (Botkin, 1993). The LLM was  useful for
identifying unknowns associated with population structural fluctu-
ations, mid-size longleaf demography, fuel and fire heterogeneity,
and overall hardwood demography. Although many visualize the
physiognomy of longleaf pine savannas as an open park-like under-
story, lack of mid-story and highly dispersed overstory of adult
pines, the variation in ‘pristine’ structure of the forest is not com-
pletely understood due to the lack of a range in reference sites (Platt
et al., 1988). As in many forest ecosystems, structural variation is
large, but the full range of plausible longleaf pine population struc-
ture, fire interactions, and regeneration characteristics may not be
known. This modeling approach provides a tool to examine the con-
sequences of altering critical longleaf ecosystem processes (Fig. 1),
and analyzing population structure across size classes.

The temporal fluctuations in population size structure seen
using the LLM and that may  occur naturally (Cropper and
Loudermilk, 2006) are most likely driven by seed masting events
and density dependent demography. A rather large age-cohort may
establish after a seed mast, while little successful regeneration may
occur between mast years. As these trees age, this bump in popu-
lation density is observed across size classes (despite mortality)
demonstrating oscillations in size structure through time. These
fluctuations may  also be driven by natural disasters as well as
time lag effects associated with density dependence (Cropper and
Loudermilk, 2006). Furthermore, a wind storm may  create pock-
ets of potential regeneration sites [i.e., downed trees, (Palik and
Pederson, 1996)] and this, coupled with possible increase in single-
aged seedlings would dramatically impact the population’s size
distribution and succeeding fluctuations in structure.

There is limited understanding of longleaf population dynamics
within the middle size classes associated with growth, mortal-
ity (from competition, fire, and other causes), as well as thinning
rate. Seedling survival and growth has been intensively studied
(Brockway and Outcalt, 1998; Gagnon et al., 2004; McGuire et al.,
2001; Palik et al., 2003; Pecot et al., 2007), overstory (adult) mor-
tality characteristics (Outcalt, 2008; Palik and Pederson, 1996) and
tree growth rates (Quicke et al., 1994) have been addressed, but

there are no studies specifically addressing the intermediate life
stages. This may  due, in part to the need to understand the mecha-
nisms in which seedlings establish and optimum growth potential
to perpetuate the few remaining sites as well as the importance of
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Fig. 5. Comparison of height (m)  frequency distributions between LLM outputs and in situ data. The comprehensive outputs (10 model runs, a, d) from the LLM illustrated a
bi-modal distribution, while individual runs (b, e) illustrated fluctuations in population size distributions, representing younger and more mature forests. The in situ estimates
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emonstrated a population dominated by larger sized trees for Ichauway (c) repre
rees  representative of a younger forest. These heights almost entirely comprised 

oth  study sites (see Table 3). Note the difference in scale of frequency values betw

imber revenue of the adults. Studying the dynamics within these
iddle size classes, such as thinning rates and competition with

ardwoods, may  provide for a better understanding of longleaf
ommunity variation through time and between sites.

In the LLM, fuels and fire intensity were homogeneous at the
5 m2 scale and no heterogeneity associated with burned and
nburned patches were modeled. Recently, fuel and fire hetero-
eneity has been recognized at very fine (sub-meter) spatial scales
n this ecosystem (Hiers et al., 2009; Loudermilk et al., 2009), well

ithin the simulated cell size (5 m × 5 m).  It has also been theorized
hat this fine-scale heterogeneity may  drive some degree of pop-

lation level dynamics (Mitchell et al., 2009). Applying within cell
eterogeneity and the ability of cells to burn or remain unburned
change of fuel continuity and fire spread) could provide some
nsight in feedbacks associated with fuel and fire heterogeneity
g a mature forest, while the Ordway population (f) was dominated by mid-sized
af pines, as over 88% of trees (>10 m)  simulated and measured were longleafs for
aphs.

coupled with hardwood and seedling (survival and competition)
response, especially in forest gaps. It is unclear however; whether
a modeling approach implementing this heterogeneity would
change the population dynamics.

Hardwood demography and interactions with longleaf have
had little attention in the literature, with studies mainly focus-
ing on longleaf regeneration (but see Mitchell et al., 2009; Pecot
et al., 2007; Rebertus et al., 1989). Knowledge gaps associated with
hardwood demography in these fire-maintained systems included
limited understanding of clonal spread rate and vigor, re-sprouting
longevity (after multiple top-kills), competitive effects of adult lon-

gleaf pines on hardwood growth, and size-specific mortality rates
and causes. Clonal hardwoods are difficult to characterize with
standard demographic modeling, perhaps requiring better under-
standing of the thick rhizomatous root structure (Berg and Hamrick,
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994) and the underground carbohydrate reserves that continu-
usly supply hardwoods with re-sprouting ability after fire (Guerin,
993; Williamson and Black, 1981). Identifying a longevity thresh-
ld or limit of these reserves would prove beneficial for managing
ardwood encroachment.

The competitive environment between longleaf pine and south-
rn hardwoods is not entirely clear. It has been found that adult
ines suppress growth of nearby hardwoods via belowground
ompetition (Pecot et al., 2007). The competitive intensity is
oorly understood, especially across various sites with differing
oil conditions. Furthermore, in a frequently burned system, lon-
leaf pines and hardwood often co-exist well. Longleaf seedlings
nd hardwood sprouts are often found together in the under-
tory, suggesting a possible facilitation interaction between species
Wahlenberg, 1946). Although hardwoods and adult longleaf pines

ay  shade-out pine seedlings, reducing growth and possibly sur-
ival, this shady environment may  facilitate survival by lowering
emperatures and reducing water stress during extended droughty
onditions (Myers, 1990; Pecot et al., 2007).

There is little work that quantifies hardwood mortality rates
cross size classes in relation to fire, competition (if any), or other
atural causes. Most focus on fire mortality is in the small to inter-
ediate (e.g., just above 2 m in height) size classes (Rebertus et al.,

989; Robertson and Ostertag, 2007). Perhaps improved exami-
ation of delayed mortality of the ‘damaged’ stems (not entirely
op-killed) of hardwoods (Rebertus et al., 1989) should be a focus
or addressing impacts of fire intensity (or fuel accumulation) for
ontrolling hardwoods. There is also no known work to quantify the
ossible effects from disease or other natural causes of mortality.
uantifying these demographic components and interactions with

ongleaf could prove useful for more accurately modeling their pop-
lation dynamics. Ultimately, understanding hardwood dynamics

s fundamental in assessing population success of longleaf pine
avannas.

.4. Model versatility

There is potential for using this model to further study this
cosystem’s community resilience or stability (in association with
hese structural fluctuations), by examining potential succes-
ional thresholds associated with the managed fire regime. The
LM clearly simulates longleaf pine’s sensitivity to long inter-
als between fires, where a longleaf savanna may  transition to a
ardwood forest (Section 4.2.1). Examining this transition zone
f ecosystem resilience has been especially difficult to measure
nd understand because seedlings may  only establish periodically
masting), but hardwoods have begun to dominate the mid-story.
lthough the adult pines continue to survive at low fire proba-
ility, recruitment limitation slowly reduces population size. One
ould examine time-lags of ecosystem response (mortality, com-
etition, fuel characteristics) to fire suppression or a specific fire
anagement regime coupled with masting probability. One could

lso assess the restoration potential of an area, perhaps determin-
ng the ideal fire frequency and time needed to transition back to a

ore stable community state or if the transition is possible with-
ut implementing other restoration techniques (Provencher et al.,
001). Understanding the impacts of leaf on vs. leaf off timing cou-
led with fire frequency or repeated fires on hardwood mortality
ver time could be assessed (Rebertus et al., 1989). One could assess
he potential impacts of timber harvesting on recruitment, changes
n fine-fuels, and understory hardwood release in comparison with
n situ findings (e.g., see Mitchell et al., 2006, 2009). Timber removal

cenarios (e.g., single-tree or group selection) are particularly use-
ul here and could be implemented as an additional function in the

odel. Using a model such as the LLM would provide the oppor-
unity to examine simulated temporal changes in detail without
delling 222 (2011) 2733– 2750

altering intact savanna sites, monitoring long-term changes, and
assess site-specific dynamics.

Forest models are often site-specific, with non-linear sensitiv-
ity to small changes in (sometimes many) parameters and designed
for small-scale analyses (e.g., Botkin, 1993). Although these models
have their application, a general model for longleaf pine savannas
could be applied across a wide range of sites with different man-
agement histories and plant compositions. The scale and relatively
simple inputs (e.g., height index, fire frequency) for the LLM worked
well for simulating two contrasting longleaf pine savanna sites in
this study. Tree demography and fuels were modeled at a scale fine
enough to minimize influences from soil, weather, or seasonal vari-
ability, while having the ability to assess individual plant mortality.
The LLM scale was  coarse enough to examine changes in population
structure and forest gap dynamics, without requiring finer-scale
processes, such as soil nutrient cycling and fine-root dynamics. The
LLM’s comprehensive structure and simple initialization provides
a foundation for a multitude of applications for assessing longleaf
pine – hardwood population dynamics.

5. Conclusions

The LLM is the first model to simulate both longleaf pine
and hardwood demography in a fire-maintained ecosystem. This
approach was  based on critical population characteristics such as
pine seed masting, hardwood clonal sprouting, response to fire (re-
sprouting, mortality), and tree density driven competition effects.
The spatially explicit outputs were especially useful for examin-
ing community forest gap dynamics associated with hardwood
encroachment and seedling establishment. The model was also able
to demonstrate temporal fluctuations in population size structure
that may  occur naturally (Cropper and Loudermilk, 2006) and are
most likely driven by seed masting events and density dependent
demography.

The LMM  proved versatile with relatively simple input param-
eters and calibration procedures for multi-site use. The LLM
simulated realistic spatial gap dynamics associated with seedling
and hardwood establishment as well as their relative inter- and
intra-species competition. The cone production function, an impor-
tant aspect of longleaf pine dynamics, was  closely tied to long-term
regional observations. The LLM simulated changes in causes of mor-
tality in association with tree size and fire frequency probability. It
clearly demonstrated the change in population community struc-
ture (i.e., longleaf savanna to hardwood forest) as fire probability
was reduced, including transition communities where ecosystem
stability was highly sensitive (i.e., a degraded longleaf site).

Many scientific knowledge gaps were recognized. Southern
hardwood demography in this system in general is relative
unknown, including clonal sprouting vigor and longevity, inten-
sity of adult pine competition on hardwood growth, as well as
detailed competitive or facilitative interactions between hardwood
sprouts and pine seedlings. Targeting fuelbed and fire heterogene-
ity may  provide for a multi-level understanding of fire behavior
feedbacks on vegetation response. This modeling approach sup-
ports the notion that understanding hardwood dynamics within
longleaf systems is fundamental to understanding population scale
processes important for scientific advancement and sound ecosys-
tem management practices.
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