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Modeling longleaf pine (Pinus palustris) response to fire requires addressing 

processes at both the landscape and population scale.  The LANDIS (LANdscape 

DIsturbance and Succession) model simulates tree behavioral traits and stochastic fire 

disturbances on a large but coarse temporal and spatial scale.  A matrix population model 

simulates growth and survival of a species through transition probabilities.  Using 

specific elements from each model provides an opportunity to examine the population 

dynamics of P. palustris in a large managed forest. 

The purpose of this research was to a) spatially model forest successional patterns 

of a P. palustris ecosystem in a north-central Florida forest using LANDIS; b) develop a 

density dependent matrix population model of P. palustris; and c) utilize the linked 

outputs of LANDIS and the matrix population model to examine individual P. palustris 

populations at the Watermelon Pond Unit (WPU) of the Goethe State Forest, FL.  Remote 

x 



and ground reference data aggregated with spatial and image analysis techniques were 

explicit elements used to develop the LANDIS model.  An existing four year P. palustris 

transition matrix model was extended to include a seedling size class, fecundity 

estimates, and a density dependent function to develop the demographic model.  Two fire 

scenarios were applied to both LANDIS and the demographic model, simulating a fire-

maintained P. palustris ecosystem and a fire suppressed one.  The fire regimes simulated 

in LANDIS were used to determine which one of the two transition matrices was 

employed for several individual P. palustris populations at the WPU through time.   

LANDIS simulated certain traits of P. palustris dynamics well, but the results were 

not entirely realistic: Fire frequency was still much lower than what is required in a fire-

maintained ecosystem, especially within individual populations.  Land managers of the 

WPU may use LANDIS to visualize the adverse effects that hardwoods may have on P. 

palustris.  Further fine-tuning of parameters and smaller time steps may improve this 

model for visualizing P. palustris dynamics.  At the scale of individual populations, the 

matrix model may be used for management of P. palustris.  Elasticity and model 

behavior analyses have demonstrated that the matrix population model plausibly 

represented P. palustris dynamics in this ecosystem.   A dual transition matrix technique 

(with and without fire) was used to simulate the response of this conifer to fire scenarios.  

The hybrid technique provided for the missing elements of one model to be supplied by 

the other, but comparing outputs from each model was not possible due to their 

incompatible output formats.  Research on P. palustris population dynamics, coupled 

with advanced modeling techniques, provides for opportunities to continue understanding 

this complex conifer and its habitat. 
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CHAPTER 1 
INTRODUCTION 

Seemingly endless longleaf pine (P. palustris) savannahs once dominated the 

southeastern United States.  Logging, development, and fire suppression have depleted 

this ecosystem, and now only a few remaining natural old growth longleaf pine areas are 

left (Platt et al., 1988; Hartnett and Krofta, 1989; Myers, 1990).  One of these areas is 

found in the Goethe State Forest (Remnants, 2002) located in Levy and Alachua counties 

of Florida, USA.  One portion, known as the Watermelon Pond Unit (WPU), was once 

predominantly longleaf pine habitat.  It has since been severely degraded or has 

succeeded into other biological communities, such as scrub and hardwood forests 

(Hardin, 2004).  Information on patterns and ecological functions of this system on 

various scales are increasingly needed for designing sound forest management plans (He 

et al., 2002), including prescribed burning, which is essential for this ecosystem’s 

maintenance and restoration requirements (Andrews, 1917; Platt et al. 1988; Boyer, 1990; 

Hardin, 2004).  In this research, we intended to model this ecosystem on two different 

levels; a landscape and population scale, to determine the advantages that each has for 

long-term land management plans. 

Modeling successional patterns and the fire regime on a spatially explicit landscape 

scale and over long time periods is an effective way to gain knowledge of complex 

processes utilizing existing ecosystem-level inputs (He et al., 2002).  The LANDIS 

(LANdscape DIsturbance and Succession; Mladenoff et al., 1996) model was used in this 

study to develop a management tool for visualizing longleaf pine dynamics at the WPU 
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and the adverse affects that hardwoods have on its community.  Two model fire regimes 

were developed to simulate a fire maintained longleaf pine ecosystem and a fire 

suppressed one. 

Modeling longleaf pine dynamics on a population scale, such as with a density-

dependent transition matrix approach, may provide managers with more detailed 

information about the system, specifically size-class rates of survival, mortality, and 

fecundity (Caswell, 2001).  The population model was parameterized based on literature 

estimates of this conifer’s response to fire occurrence and fire suppression. The model 

framework included two separate transition matrices representing each fire condition. 

These two modeling techniques provide managers with two methods for examining 

the long-term dynamics of this system on two very different scales.  These two models 

may now be brought together:  Information from LANDIS, such as simulated fire 

frequency, may be used to employ the transition matrix model to analyze the individual 

longleaf pine populations at the WPU during various fire regimes over time. 

 
 

 



CHAPTER 2 
SPATIAL MODELING OF FOREST SUCCESSION AND FIRE DISTURBANCE IN A 

LONGLEAF PINE (Pinus Palustris) MANAGED ECOSYSTEM IN NORTH-
CENTRAL FLORIDA 

Introduction 

Modeling Forest Succession 

Modeling forest succession is essential in understanding the relatively slow 

changes of large heterogeneous forests for long-term land management plans.  Attempts 

have been made to physically measure forest succession quantitatively.  However, this is 

limited in practice due to for labor-intensive sampling over long time periods.  

Individual-based models of tree competition and succession have been a common 

approach for this issue (e.g., Botkin, 1993).  Forest simulation models are effective over 

various spatial and temporal scales and useful when comparing the affects of different 

land management practices, predicting land-use, climate change, and forest production 

over time (Peng, 2000).  

Managing fire-dependent ecosystems in Florida, such as longleaf pines (Pinus 

palustris) savannahs, has become increasingly important to reduce wildfire outbreaks and 

ensure future establishment of this sensitive tree species.  Mechanistic and stochastic 

models of fire and fuel dynamics have aided in this type of management.  Mechanistic 

models include FARSITE (Finney, 1998) and BEHAVE (Andrews, 1986) that require 

specific physical and chemical properties of the landscape to determine the rate and shape 

of fire spread.  The stochastic model DISPATCH (Baker et al., 1991) simulates the 

effects of changing climate or shifts in fire disturbance regimes on relatively large 
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landscapes.  LANDIS (LANdscape DIsturbance and Succession, Mladenoff et al., 1996) 

models landscapes over large spatial and temporal scales requiring relatively coarse input 

data of dominant tree species and fire characteristics of the land (He and Mladenoff, 

1999).  This model is spatially interactive, implementing variables such as tree species, 

seeding characteristics, and cohort-based growth capabilities, as well as fire ignition, 

spread, and fuel traits.  These features enable users to gain insight into the overall 

dynamics of the forest system visually and quantitatively over decades to several 

centuries (Mladenoff and He, 1999).  The focus of this study was to spatially model long-

term forest succession in a longleaf pine (Pinus palustris) ecosystem through two fire 

disturbance regimes utilizing the LANDIS model and assessing its practicality as a 

management tool in the Goethe State Forest, Florida. 

Longleaf Pine Habitat: Sandhill 

Description 

The sandhill community is found on rolling hills of sandy infertile soils of north-

central Florida.  Sparse longleaf pines (Pinus palustris) dominate the canopy with a low 

understory of wiregrass (Aristida stricta) as well as other grasses and forbs.  The mid-

canopy consists mainly of turkey oak (Quercus laevis) and blue-jack oak (Quercus 

incana) in varying densities (Myers, 1990; Greenberg and Simons, 1999).  Some oaks 

produce “oak domes,” dense thickets of sand-live oaks (Quercus geminata) with little or 

no vegetative ground cover (Guerin, 1993). 

History and Current State 

Sandhill was once one of the largest forest types in the southeastern coastal plain of 

the United States, but has diminished by over 98% due to harvesting and fire suppression 

(Myers, 1990). The highly dispersed pine and low understory provided for an easily 
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traveled and nicely shaded route for early European settlers (Hall, 1829).  Overtime, this 

ecosystem became fragmented by clear-cutting for timber, development, introduction of 

livestock, and agricultural practices.  Many of these fragments have suffered from fire 

suppression, resulting in encroachment by faster growing, shade tolerant tree species 

(Frost, 1993; Rasser, 2003). 

Restoration and preservation of P. palustris dominated ecosystems has become a 

well known practice in the southeast which contributes to recreation, aesthetics, reducing 

the onset of pest infestation, and conservation for endangered and often endemic species 

that thrive in this habitat (Boyer, 1993; Neel, 1993).  Land managers plan for frequent 

low-intensity fires (~3-5 years) that keep encroaching hardwoods in check (Hartnett and 

Krofta, 1989; Platt and Rathbun, 1993).   These fires also create an environment that 

supports P. palustris recruitment and open savannah like parks for recreation including 

hunting and easily traveled trails (Myers, 1990).  Several endemic species thrive in these 

habitats, including the Sherman’s fox squirrel (Sciurus niger), red-cockaded woodpecker 

(Picoides borealis), brown-headed nuthatch (Sitta pusilla), Bachman’s sparrow 

(Aimophila aestivalis), and the gopher tortoise (Gopherus polyphemus) (Engstrom, 1993).    

Unique Traits 

P. palustris is the characteristic fire-dependent conifer of sandhill communities.  

Frequent low-intensity fires remove accumulated leaf litter, overgrown grasses, and 

encroaching oaks exposing bare-mineral soil required for seed germination and 

establishment (Croker, 1975; Boyer, 1990; Myers, 1990).   Another distinctive feature 

about this pine is its seedling’s slow growing “grass stage.”  Here it develops a long thick 

tap root (Myers, 1990), increases in diameter (Platt et al., 1988), and is protected from 

fire through dense tufts of long, moisture rich needles.  It may stay in this stage for 5-15 
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years.  Within one growing season, P. palustris can grow over 1m in height avoiding 

lethal temperatures of fire near the ground surface while protecting the terminal bud.  A 

maturing tree develops fire-resilient scaly plates, which define it as the most fire-resistant 

pine.  Furthermore, the ecosystem has vegetation with pyrogenic traits that facilitate the 

ignition and spread of fire (Fonda, 2001; Myers, 1990).  Without frequent fire, the stable 

P. palustris dominated forest disappears due to failure of seedling establishment and 

incursion of hardwood upland species (Myers, 1990). 

Competitive Oaks 

If fire is suppressed on sandhill sites for less than a decade, oaks (Quercus spp.) or 

other hardwood species (Prunus serotina, P. caroliniana) from adjacent communities 

may encroach and often out-compete the shade intolerant P. palustris (Myers, 1990).  

Southern hardwood species often resprout, even if they appear to be killed by fire or other 

disturbances.  Most flourish under dense canopy cover and have chemical and physical 

traits that reduce the onset of fire (Platt and Schwartz, 1990).  Three southeastern United 

States oak species (Q. geminata, Q. hemisphaerica, Q. laevis) are focused on in this study 

as competitors with P. palustris. 

Turkey oak (Q. laevis) is a deciduous species uniquely adapted to fire-maintained 

communities of the southeastern U.S.  They are found in dry sandy areas and well 

drained ridges of the coastal plain (Berg and Hamrick, 1994).  Sandhill areas are their 

favored habitat, sometimes out-competing longleaf pines eventually forming “turkey oak 

barrens.”  Q. laevis life history traits, such as vegetative propagation, fast growth, and 

vigorous resprouting subsequent to fire, are important factors in the interaction with P. 

palustris.  It does not contend well with other more shade tolerant oaks (e.g., Q. 

geminata, Q. hemisphaerica), which are also examined in this study, increasing the risk 
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of upland forest encroachment during fire inhibition (McGinty and Christy, 1977; Putz, 

personal communication, 2005).   

The commonly dominant laurel oak (Q. hemisphaerica) is found in a diversity of 

north and central Florida habitats which exhibit a broad range of moisture and fertility 

gradients (Platt and Schwartz, 1990).  The moisture rich environments created by 

hardwood habitats with Q. hemisphaerica decrease the likelihood and intensity of fire, 

although fires during dry periods may be detrimental to this tree and habitat (Wade et al., 

1980).  It is frequently considered a facultative seral species on sandhill sites, with a high 

tolerance of shade, clonal traits and resprouting capabilities subsequent to moderately 

intense burns (Putz, personal communication, 2005).  Boundaries between hardwood 

forests and sandhills are often kept in check by low-intensity prescribed burns ignited in 

sandhill areas and allowed to creep into the edges of hardwood forests (Platt and 

Schwartz, 1990; Hardin, 2004). 

Sand-live oak (Q. geminata) tolerates highly infertile sandy soils typical of 

Florida’s scrub ecosystem as well as xeric hardwood forests of north-central Florida.  Its 

traits are similar to Q. virginiana (live oak), but are smaller in size and produces acorns in 

pairs.  Q. geminata is not quite as tolerant of shade as Q. hemisphaerica and is slightly 

more fire tolerant, but thrives as a clonal propagator and strong resprouter after fire.  Q. 

geminata form the aforementioned clonal ‘oak domes’ within sandhill communities that 

can spread and dominate the landscape as scrub or xeric hammock if not regulated by 

frequent burning (Guerin, 1993).   

 Sandhill, scrub, and hardwood forests are mutually exclusive ecosystems that 

respond very differently to fire.  Sandhill habitats have vegetation with pyrogenic traits 
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that facilitate the ignition and spread of fire.  Scrub and sandhill and are closely linked 

ecologically but the fire-frequency is much lower in scrub and its principal components 

are invasive (Myers, 1990).  Hardwood forests create moisture rich environments 

containing less flammable leaf litter deterring the onset of fire and reducing its intensity 

(Platt and Schwartz, 1990).   

Objectives 

The purpose of this research was to use the LANDIS model to study the spatial 

relationships of these four species and their habitats in response to various fuel 

treatments.  Two scenarios were developed for this study: (I) the Frequent Fire Model 

(FFM), simulating a fire-maintained P. palustris ecosystem; and (II) the Infrequent Fire 

Model (IFM), simulating a historically fire suppressed landscape.  Following are 

questions proposed for this research: 1) Can the unique fire regime of the P. palustris 

habitat be modeled using LANDIS? 2)  What are the implications of using LANDIS as a 

long-term management tool for the P. palustris habitat? 3) Are the fire and fuel 

characteristics of LANDIS sufficient to simulate the short and long mean fire return 

intervals of various habitats in the study site? 

LANDIS Model Description 

General Characteristics 

LANDIS (LANdscape DIsturbance and Succession) was introduced in 1996 and 

has been used extensively for spatial analysis and modeling of large heterogeneous 

landscapes and long time frames (Mladenoff et al., 1996, Mladenoff and He, 1999).  

Originally, LANDIS was designed to simulate the forests of the northern lake states 

(Mladenoff et al., 1996, He and Mladenoff, 1999).  Since then, it has been used for forest 

succession modeling in many parts of the world.  Successional patterns of an undisturbed 
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boreal forest reserve in northeast China were compared to surrounding disturbed areas 

using dominant tree species in LANDIS (He et al., 2002).  In Finland, Pennanen and 

Kuuluvainen (2002) manipulated the simulated fire behavior and successional processes 

of LANDIS to form FIN-LANDIS.  Instead of using specific tree species of a forest, 

Franklin et al. (2001) used plant functional groups.   These groups were ascertained from 

Noble and Slayter’s (1980) vital attribute fundamentals describing the successional role 

of plant species.  He et al. (2004) created various fuel treatments to assess the risk of 

wildfire occurrence in the Missouri Ozark Highlands.  Overall, LANDIS is used to 

simulate large forested areas that have limited inputs.  The presence/absence nature and 

coarse scale of LANDIS avoids the need for precise measurements and prediction of 

species abundance (Mladenoff and He, 1999).  The spatial scale is user defined but is 

often in 10’s to 100’s of square meter pixels.  The temporal scale is restricted to 10-year 

time intervals. 

LANDIS combines the ability to simulate landscape-sized forest successional 

patterns while implementing specific tree species attributes and probabilistic disturbance 

regimes, such as fire, wind, and harvesting.  Forest succession is simulated in LANDIS 

based on seed dispersal, seedling establishment, sprouting traits, competition (fire and 

shade tolerance), growth, and mortality characteristics of each tree species modeled 

(Gustafson et al., 2004).  For instance, a shade-intolerant species cannot establish easily 

on a site where shade tolerant species are well established.  These species will remain 

dominant unless other attributes, disturbances or environmental factors alter the 

conditions throughout the simulation (Mladenoff and He, 1999). 
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Fire Disturbance Characteristics 

Fire disturbance in LANDIS affects tree establishment, mortality, and inter-specific 

competition.  The probability of establishment for each tree species is based on fire 

tolerance, age, and site characteristics.  The stochastic and spatially explicit nature of fire 

is represented through mathematically defined distributions and various algorithms.  Fire 

disturbance parameters influence the size, probability of fire occurrence on the land, 

return interval, spread, and severity of the fire regime.  The fire tolerance levels (1-5) of 

each tree species are categorical representations of their relational tolerances to fire.   

Fire probability (P) in LANDIS follows a negative exponential distribution and is 

calculated in LANDIS with the following equation:  

P = b x If x MI –(e+2)    (2-1) 

MI is the mean fire return interval (years) for each landtype.  The parameter If 

represents the year since the last fire on each landtype.  A larger If represents a higher 

probability that a fire will occur on that landtype. The fire probability coefficient (b) 

represents the chance a cell randomly selected for ignition check will ignite and is used 

during the calibration process (He et al., 2003; Mladenoff and He, 1999). 

The fire probability function works directly with ignition and spread of fire in 

LANDIS.  Fire is ignited based on the percentage of cells checked for ignition (chosen 

randomly) and on the probability that a fire will occur.  It is also a function of map size 

(Ignition = ignition coefficient x total number of cells).  LANDIS is able to ignite and 

therefore simulate more than one fire disturbance within an iteration, but the chance is 

exponentially decreased through time (He and Mladenoff, 1999).  Fires spread in 

LANDIS as a function of fire size, fire probability, species attributes (e.g., fire tolerance 

and age), and spatial arrangement of adjacent cells.  A fire will continue to spread until 
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the pre-determined maximum fire size is reached, the adjacent cells cannot burn based on 

probability estimates, or it reaches the edge of ‘forested’ land (He and Mladenoff, 1999; 

Mladenoff and He, 1999).   

 Fuel accumulation for each landtype is established from a conceptual fire curve 

representing a relationship between fuel quantities, based on detritus accumulation and 

decomposition characteristics (Gustafson et al., 2004).  It is dependent on the time since a 

burn last occurred (He et al., 2003) and the landtype severity and species susceptibility to 

fire act together to determine which species and age-cohorts are killed during a fire 

disturbance (Mladenoff et al.,1996).  As such, the fire disturbance in LANDIS is not 

entirely stochastic as some areas within a landscape may be more susceptible to fire than 

others (He and Mladenoff, 1999). 

 The fire disturbance file is exclusively designed for simulating fire size on the 

entire landscape and is a determining factor of fire spread, fire probability, fire and forest 

susceptibility, and spatial configuration of forest conditions (Gustafson et al., 2004).  Fire 

size also follows the notion that large disturbances are less frequent than small 

disturbances through a log-normal distribution (Mladenoff and He, 1999).  These fire 

disturbance parameters and their calculations are described in detail elsewhere (He and 

Mladenoff, 1999; Mladenoff and He, 1999; He et al., 2003).      

Methods 

Study Area 

The Watermelon Pond Unit (WPU) of the Goethe State Forest is a 1938-ha tract 

located in Levy and Alachua counties of Florida, USA (latititude 29o 32’ 42 “, longitude 

82 o 36’ 20”; Figure 2-1).  Its checker-board structure makes management difficult, 

especially for prescribed burning.  Agricultural land owners, state and county roads, and 
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two small towns divide the forest, further complicating management.  Before European 

settlement, the land was a homogeneous landscape of the sandhill community type 

dominated by P. palustris.  During the last century, the area was fragmented by 

anthropogenic effects, specifically phosphate mining and non-sustainable timber 

harvesting.  Many of these areas were unmanaged causing dramatic successional changes 

in this ecosystem with few P. palustris trees left today (Rasser, 2003).   

A main goal of land managers is the immediate implementation of prescribed fire 

plans for restoration and preservation of sandhill areas (Hardin, 2004).  Sandhills of the 

WPU are classified into four general groups, ranked in order of quality: 1) areas with 

scattered mature P. palustris (>=30 ft2 basal area) with subdominant Q. laevis and 

abundant natural P. palustris regeneration, 2) stands where Q. laevis predominate with P. 

palustris being a minor component (10-20 ft2 ba) and sparse P. palustris regeneration, 3) 

pure Q. laevis and scrub oak stands, and 4) areas newly planted with P. palustris 

seedlings.  Wiregrass (Aristata stricta) and other natural herbaceous groundcover are 

found in these areas, which are considered strong indicators of community health 

(Hardin, 2004).  Note that Q. laevis is an abundant tree species found at the WPU, and is 

considered a dominant component of some historic sandhill sites (Greenberg and Simons, 

1999).  As such, it provides a rare opportunity for the WPU staff to manage Q. laevis 

dominated sandhills.  

To maintain a level of biodiversity, it is important to keep intact the recently 

developed scrub and hardwood communities while restraining further encroachment into 

sandhill sites with prescribed burning plans.  Scrub is Florida’s most endangered 

ecosystem with many rare and threatened endemic species.  Prescribed fire initiated in 
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sandhill areas will be allowed to burn into the edges of these scrub and hardwood forests 

as part of the land management plans (Hardin, 2004). 
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               Figure 2-1.  Map of the study site: Watermelon Pond Unit of the Goethe State 

Forest, Florida, USA. 

Parameterization of LANDIS 

Spatial inputs 

Spatial data specific to the WPU used to develop both the landtype and the forest 

composition map and their attributes are the: a) biological communities delineated from 

high-resolution digital aerial photography taken in February 2002, b) geo-referenced 

ground data on tree species from 2002 (Rasser, 2003), c) geo-referenced ground data on 

biological communities from 2003 and d) temporal aerial photography.  The high-

resolution digital aerial photography (0.3m ground sampling distance) was donated from 
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Mpower3/Emerge (Andover, MA).  These datasets provided baseline information 

representing the area’s vegetative structure and composition. ArcGIS 8.x, 9.0 and 

IMAGINE 8.x were used to develop the final Erdas GIS file format datasets with a spatial 

resolution of 20m.  All input parameter files for LANDIS, except the spatial files, are 

included in the Appendix. 

Landtypes.  The WPU was stratified into four distinct habitats unique in their fire 

and fuel traits: a) current P. palustris sandhill habitat, b) hardwoods, c) scrub, and d) wet 

areas.  These landtypes were created from digitally delineated biological communities on 

habitat type and their characteristic tree species.  The ground reference data was used to 

perform an accuracy assessment on the landtype map.  The fire accumulation and severity 

curves for each landtype were qualitatively assessed based on literature and current site 

conditions of each habitat and used for both fire scenarios (Figure 2-2).  Qualities, such 

as highly flammable longleaf pine needles (Fonda, 2001) and wiregrass, dry sandy soils, 

and low decomposition rates create the characteristic sandhill environment with highly 

frequent (<10 years) low-intensity fires.  Scrub is considered a pyrogenic community that 

accumulates fuels slowly and often has a high heat of ignition, but produces catastrophic 

fires at a rather low MI (50 years) (Myers, 1990).  Furthermore, the abundance of the 

shrub Ceratiola ericoides, a highly flammable and characteristic scrub species, 

contributes to the pyrogenic nature of this habitat.  Hardwood forests have rather long 

MIs (80 years) with a moisture rich environment and fast decomposition rates that greatly 

reduce the intensity of these periodic fires (Platt and Schwartz, 1990).  The wet areas are 

defined as portions of the WPU with hydric soils, currently abundant with water, and/or 

prairie type habitat with fluctuating water levels.  Since the wet areas have little or no 
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trees, they were not actively modeled in LANDIS.  The approximate areas for each 

landtype are as follows: current P. palustris habitat (1050 ha), scrub (375 ha), hardwoods 

(400 ha), and wet areas (165 ha).  Even though the WPU has distinct habitats, it is small 

and relatively flat, which does not restrict the establishment of any of these tree species. 

Therefore, the establishment coefficients were set to one for each tree species on all 

landtypes in the FFM and instead their successional behavior was purely designed based 

on their attribute parameters and response to fire.  The establishment coefficients in the 

IFM were also set to one, except P. palustris was reduced to 0.25 because of its weak 

competitive and establishment abilities during fire suppression. 
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Figure 2-2.  Fire fuel accumulation curve for all three active habitats at the WPU. 

Forest composition.  The forest composition map and associated attributes were 

derived from ground reference data, temporal aerial photography, and managerial records 

and correspondence.  Forest classes required for LANDIS were distributed using the 

biological community spatial dataset as a foundation.  The vegetative data designated the 

tree species found in each forest class.  The ground reference data was used to perform an 

accuracy assessment on the forest composition map.  For simplification, only the four 

most abundant tree species at the WPU were used in the LANDIS model, namely 
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longleaf pine (P. palustris), turkey oak (Q. laevis), sand-live oak (Q. geminata), and 

laurel oak (Q. hemisphaerica).  Historic aerial photography and forest management 

records were used to determine tree age-class distributions.  Approximately one set of 

aerial photographs of the study site per decade back to 1949 were used.  The final map 

consisted of 17 classes with various combinations of species and their age distributions 

within the study site (see Appendix).   

Species attributes 

Demographic parameters for the four tree species modeled were obtained from 

literature (Duncan and Duncan, 1988; Boyer, 1990; Young and Young, 1992; Preston and 

Braham, 2002) and experts opinion (Long, personal communication, 2004; Jokela, 

personal communication, 2004; Putz, personal communication, 2005; Table 2-1.).  Unlike 

other studies using LANDIS (Pennanen and Kuuluvainen, 2002; Wimberly, 2004), 

longevity was input as the typical lifespan of a given species in this geographic region 

rather than its maximum known lifespan.  This creates a more realistic mortality 

inference of each species.  A seeding distance was input to represent the range that a tree 

species can effectively seed out, with the assumption that other natural effects, e.g., wild 

animals, influence where a seed may fall and germinate.  The Quercus spp. modeled are 

readily able to resprout after a disturbance at a very young age.  With a long seeding 

range and early propagation, some Quercus spp. establish and spread effortlessly in 

LANDIS.  The propagation probability coefficient was developed by understanding its 

sensitivity (see below) within LANDIS and qualitatively shaping this variable for each 

Quercus spp. 
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Fire Simulation Scenarios and Parameters 

Two fire scenarios were created to simulate a fire-maintained P. palustris 

ecosystem (Frequent Fire Model: FFM) and a fire suppressed one (Infrequent Fire Model: 

IFM), each with unique fire return intervals and fire size parameters.  All fire parameters 

for both models (Table 2-2., Table 2-3.) were obtained from the Goethe State Forest 

management plans (Hardin, 2004) and communication with management personnel 

(Cahal, personal communication, 2005; Copeland, personal communication, 2005; Penn, 

personal communication, 2005; Zimmerman, personal communication, 2005).  Because 

the P. palustris ecosystem requires frequent low intensity fires, the mean fire return 

interval (MI) of this habitat in the FFM was set to <10 years to ensure fires every 

LANDIS time step.  The P. palustris ecosystem in the IFM followed historic records 

noting the fire suppressed period dating back to 1890 with a MI of 45 years (Zimmerman, 

personal communication, 2005).  The scrub and hardwood habitats followed the same 

landtype parameterization methods mentioned in the ‘Spatial Input: Landtypes’ section.  

Fire size variables for both models were estimated from delineated prescribed burns for 

the WPU, their management plans, and known wildfire outbreaks.  The burn size 

parameters of the FFM followed that of known sizes for prescribed burns and future 

management plans.  The burn size parameters of the IFM were directly related to the only 

known wildfire that occurred in 1980.  Each simulation was run for 50 LANDIS time 

steps (500 years) to ensure reaching model stabilization.  Species abundance was 

recorded and used to compare the effectiveness of each fire scenario focusing on P. 

palustris and its establishing abilities. 

 



 18

Calibration and Sensitivity Analyses 

The fire parameters of LANDIS were calibrated by adjusting the associated fire 

coefficients interactively to achieve a desired mean fire return interval for all landtypes 

and mean fire sizes for each of the two fire scenarios within a 500 year simulation.  

Default values were initially used for the fire size (50) and fire probability [b = MI of 

each landtype (see Equation 2-1)] coefficients and manipulated in intervals of 10 

depending on the scale and direction of error (He et al., 2003).  For each treatment, these 

values were systematically varied until the parameters met the simulated values or until 

no further improvements could be made. 

Many of the tree species attributes were interactively manipulated to develop 

relational species behavioral traits.  For instance, Q. hemisphaerica and Q. geminata were 

set to have rather similar dominance traits if no fire was introduced and the former with 

stronger seeding capabilities, while P. palustris thrived and established itself subsequent 

to a burn.  Q. laevis was targeted as a transitional species that dominates areas with P. 

palustris if fire is somewhat infrequent or recently ceased, but may be replaced by 

invading Q. hemisphaerica and Q. geminata.  P. palustris was also set to not have the 

ability to vegetatively propagate or establish well during fire suppression.  

The vegetation propagation probability coefficients of the Q. spp. were set equal to 

one another because of their similar re-sprouting abilities after a burn.  Only a small (1% 

to <6%) change in the abundance of any of the four species was recorded from the 

simultaneously adjusted vegetation propagation coefficients over a range from 0.1 to 0.9 

of the three Q. spp. To avoid bias, the median coefficient (0.5) was chosen for all three Q. 

spp. 
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Sensitivity analyses were performed on the mean fire size and mean fire return 

interval to measure their contribution to the model response.  Each parameter was 

adjusted 20% from the base run and P. palustris abundance was recorded during 500 

simulation years as well as the simulated mean fire size on the landscape in each interval 

(Mladenoff and He, 1999).  The MI analysis was only performed on the IFM to illustrate 

the effects of a 20% change in the MI of all landtypes simultaneously, which could not be 

done with the already minimal fire return interval (<10 yrs.) of the FFM. 

Table 2-1. Attributes of the four species studied using LANDIS. 
  PIPA QUGE QULA QUHE

Longevity (yrs.) 200 130 100 100
Age of Maturity (yrs.) 20 20 20 20
Shade Tolerance (1-5) 1 4 3 4
Fire Tolerance (1-5) 5 1 4 1
Effective Seeding Distance (m) 30 50 50 70
Maximum Seeding Distance (m) 50 70 70 90
Propagation Probability After Fire (0-1) 0 0.5 0.5 0.5
Minimum Resprout Age (yrs.) 0 5 5 5
PIPA: Pinus palustris; QUGE: Quercus geminata; QULA: Quercus laevis; QUHE: 
Quercus hemisphaerica 

 
Results and Discussion 

Calibration and Sensitivity Analyses 

Mean fire size was calibrated for both the FFM and IFM, with a -12% and -16% 

error, respectively (Table 2-2.).  Error is calculated by the dividing the difference 

between observed fire size and the expected fire size by the expected fire size.  The 

simulated MS was accurate to within <0.7% between both models.  The IFM was more 

accurately calibrated than the FFM in terms of expected mean fire return intervals (Table 

2-3.).  The low MIs of the hardwood and scrub habitats could not be calibrated accurately 

in the FFM due to the high MI (<10 yrs.) of the P. palustris sandhill habitat.  This result 
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appeared realistic as fires may ignite within sandhill areas and spread into adjacent 

habitats.  The total amount of area burned in hardwood and scrub sites were relatively 

low in the FFM while sandhill areas burned readily (Figure 2-3.).  The hardwood sites 

were the most difficult to correctly calibrate for either scenario because the low intensity 

fire after long durations of fire suppression increased the probability that fire could occur 

again in LANDIS.   As such, the increase MI of the sandhill areas in the IFM contributed 

to the decrease in fire frequency of both the hardwood and scrub habitats.  The hardwood 

habitat MI became more accurately simulated while scrub habitat resulted in an 

exceedingly larger MI.   Ultimately, the fire and fuel characteristics in LANDIS were 

sufficient to simulate the diverse fire regimes of theses three habitats during longer fire 

return intervals. 

Table 2-2. Calibration analysis of mean fire size (MS) in each fire regime scenario. 
 Frequent Fire Model  Infrequent Fire Model 
Predetermined MS, ha (% area) 120 (5.9%) 106 (5.3%)
Simulated MS, ha (% area) 105 (5.2%) 101 (5.0%)
Standard Deviation (% area) 59 (2.9%) 28 (1.4%)
Error -12%  -16%

 
Table 2-3. Calibration analysis of mean fire return intervals (MI) in each fire regime 

scenario. 
 Frequent Fire Model  Infrequent Fire Model 
  Sandhill Hardwoods Scrub  Sandhill Hardwoods Scrub
Predetermined MI 10 80 50 45 80 50
Simulated MI 13 15 25 38 46 77
Standard Deviation 6 6 16 19 27 71
Error 31% -81% -50%  -15% -43% 53%

 
The mean fire size (MS) parameters were generally more sensitive in the IFM than 

the FFM (Figure 2-4.).    In the IFM, there was a 17% increase and 7% decrease in MS 

with the direct 20% change in MS.  The strong increase in fire size was directly related to 

the average increase of 36% in P. palustris abundance throughout the simulation.  This 
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simulation reflects a management goal of fire re-introduction at the WPU.  The FFM 

resulted in a 2% and 4% increase in MS with a 20% increase and decrease in the MS, 

respectively.  These small changes correlated with the small average changes in P. 

palustris abundance, ranging from 0.5% to 3%.  The lack of change in the simulated MS 

of the FFM is the direct result of the influence of the time since the last fire in LANDIS.  

Once a fire has occurred, fire probability and severity diminish on that site.  Since the MS 

showed little change in the FFM, the P. palustris population was only slightly influenced. 

The MIs, MS, and P. palustris abundance changes in the IFM were more sensitive 

to a 20% increase in MI within all landtypes rather than a decrease (Figure 2-5).   There 

was a 13% increase in overall simulated MI with an increase in overall MI.  The increase 

in MI resulted in two fires dropped in years 90 and 320.  MS did not show much change 

(-2%) with increased MI, but the total amount of area burned increased by 5%.  P. 

palustris abundance reacted with a 16% increase in average abundance with increased 

MI.  A large fire on the sandhill habitat in year 400 brought on new P. palustris growth 

and influenced the calculated increase in average abundance greatly.  There was no 

change in simulated MIs, MS, or P. palustris abundance throughout the simulation when 

the MIs were reduced by 20%.  These changes are complex (Mladenoff and He, 1999) 

and largely due to fire probability estimates calculated for each landtype as a function of 

MI, time since last fire, and a calibrated fire probability coefficient.   
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Figure 2-3.  Proportion of area damaged by fire and burn frequency in each habitat using 
both fire scenarios in LANDIS. 
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Figure 2-4.  Sensitivity analysis: Mean area damaged by fire each model year as the mean 
fire size (MS) changed by 20% in both fire scenarios. 

Fire Scenario Effects on Species Abundance 

Species abundance changes throughout the LANDIS simulations illustrate the 

effects of the two fire regimes on each species.  The results were analyzed after model 

stabilization (~yr. 200), unless otherwise stated.  The most dramatic effects between the 

two fire regimes was the change in abundance of P. palustris (Figure 2-6.).  In the FFM, 

the population was able to recover and gradually increase in number through regular 

recruitment.  Gaps were formed from trees that died of old age or killed by fires (Figure 

2-7.).  As fires occurred, mature P. palustris were able to seed into these gaps and within 
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a few decades become a dominant species.  The moderately fire resistant Q. laevis 

becomes more dominant on the land as well during a frequent fire regime, while Q. 

hemisphaerica and Q. geminata are suppressed.  At year 500, the higher mean population 

abundance (34%) of P. palustris in the FFM demonstrates the ability of this species to 

thrive in a fire-maintained community (Figure 2-8.).  Over 500 years, the mean 

abundance of P. palustris and Q. laevis, the two more fire tolerant tree species increased 

by 28% and 22%, respectively, when using the FFM compared to the IFM.  The other 

two oaks, Q. hemisphaerica and Q. geminata, only revealed a slight increase in mean 

abundance (4% and 2%, respectively) in the FFM.   Fires do not entirely extirpate any of 

these three oak populations because of their ability to vegetatively propagate subsequent 

to fire at a relatively young age (Boyer, 1990; Long, personal communication, 2004, 

Table 2-1.).  Their quick  re-establishment capabilities make P. palustris ecosystems 

difficult to restore after long periods of successional changes caused by fire suppression 

(Hartnett and Krofta, 1989).   
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change in overall mean fire return interval (MI) in the IFM.  
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The FFM demonstrated more stability in the tree populations over time than the 

IFM, illustrated by the overall lower variation of species abundance throughout the 500 

year simulations (Table 2-4.)  This is caused by the highly intermittent fires in the IFM 

(Figure 2-3.). Even though the FFM maintained a relatively stable population of P. 

palustris, the outcomes were not entirely realistic.  The northern portions of the WPU 

with P. palustris were burned only 1 to 10 times over the 50 LANDIS time steps.  A 

typical sandhill community requires prescribed fires every 3-5 years (Hardin, 2004), or at 

least a 10 year return time (Platt et al., 1991).  As such, the entire community at the WPU 

should burn every LANDIS time step.  The model may have been affected by the 

fragmented structure of the WPU.  Fires burned more readily (20 fires) within the non-

restrictive boundaries of the southeastern portion of the WPU (Figure 2-9.) suggesting 

fire spread constraints in the smaller confined areas of the northern WPU. 

Management Implications 

Using this LANDIS model as a management tool for the WPU is plausible for 

understanding the adverse effects that some of Florida’s oak species have on P. palustris 

ecosystems within just a few decades.  The strong seeding and re-sprouting abilities, 

shade tolerance, fast growth, and diverse site characteristics of Q. hemisphaerica make it 

a difficult tree to control on fire suppressed sandhill sites and may require other methods 

of control (Myers, 1990; Putz, personal communication, 2005).  Q. geminata may also be 

difficult to control, is tolerant of the typical xeric conditions of the sandhill and scrub 

communities, and therefore is a strong competitor with P. palustris (Myers, 1990).  Both 

of these Q. spp. are regularly kept in check by frequent fires that are allowed to creep into 

their borders (Hardin, 2004), but are opportunistic during fire suppression.   
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Figure 2-6.  Fire scenario effects on species abundance in a single LANDIS model run.  
PIPA: Pinus palustris; QUGE: Quercus geminata; QULA: Quercus laevis; 
QUHE: Quercus hemisphaerica 

Q. laevis tolerates fires well and re-sprouts vigorously following fire (McGinty and 

Christy, 1977), but was the least abundant species on the landscape during the model 

runs.  In LANDIS, this species was replaced by the other hardwoods due to its lack of 

shade tolerance and short longevity.  P. palustris was able to out-compete Q. laevis with 

frequent fire in spite of the oak’s re-sprouting abilities.  As such, the species is complex 
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and difficult to model.  Otherwise, LANDIS is known to be capable of adequately 

simulating forest dynamics when only a few species are included (Franklin et al., 2001; 

Pennanen and Kuulavainen, 2002).   
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Figure 2-7.  P. palustris (PIPA) behavior following fire disturbance in a southeastern 

portion of the WPU.  The top row represents the dominant species of each 
cell.  The bottom row illustrates the recruitment of young PIPA in openings 
created by fire induced tree mortality.  PIPA: Pinus palustris; QUGE: 
Quercus geminata; QULA: Quercus laevis; QUHE: Quercus hemisphaerica 

Even though the P. palustris population did stabilize and continued to increase in 

abundance in the FFM, this version (3.7) of LANDIS is applicable for only a few of the 

management plans for the WPU.  LANDIS maintained an aesthetically pleasing mosaic 

type landscape pattern and illustrated the invading capabilities of particular hardwood 

species.   It also provided the spatial and temporal aspects of fire and tree species 
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behavior with minimal inputs (Mladenoff et al., 1996; Mladenoff and He, 1999).  The 

seeding characteristics of all four species were effectively modeled: They all took 

advantage of gaps created by fire or age induced mortality and the oaks readily re-

sprouted subsequent to fire disturbance. P. palustris typically became dominant shortly 

after a fire through tolerance and recruitment (Figure 2-7.).  The short fire return interval 

of 3-5 years (Hardin, 2004) required to maintain and/or restore sandhill communities 

could not be modeled with LANDIS 3.7 because of the 10 year time step.  Furthermore, 

the fragmented structure of the WPU restricted fire spread across the landscape.  
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Figure 2-8.  Comparison of dynamics of tree species dominance between the two fire 

scenarios in the east portion of the WPU. PIPA: Pinus palustris; QUGE: 
Quercus geminata; QULA: Quercus laevis; QUHE: Quercus hemisphaerica 
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Table 2-4.  Statistics on species abundance within each fire scenario. 

  Frequent Fire Model  Infrequent Fire Model 
  Mean Std Mean Std 

PIPA 924 125 664 279 
QUGE 1,319 108 1,285 128 
QULA 745 357 583 413 
QUHE 876 81 837 103 
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Figure 2-9.  Map of all fires, their distribution, and severity at the WPU throughout the 

500 year simulation.  Darker reds are more severe fires.  The most recent fire 
is displayed on top of older ones. 

Future Model Development 

Modeling techniques that may further advance this study’s use of LANDIS 

includes implementing smaller time steps, further calibration, and fine-tuning of the 

spatial inputs.  The next version of LANDIS (LANDIS II) will have one to several year 

time steps, which may enhance the realism of P. palustris behavior to fire and its 
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competitive tree species.  Since the fragmented structure of the WPU restricted fire 

spread in this LANDIS model, simulating each section separately may induce more 

frequent fires on each individual population of P. palustris.  The fire and fuel 

characteristics of LANDIS were sufficient to simulate the various fire regimes desired in 

this study, especially during higher fire return intervals and severe fires.  Although, 

additional calibration may increase accuracy of the fire disturbance parameters.  Other 

tree species present at the WPU may be added to the model to study more complex 

interactions within the landscape.  Wiregrass (Aristida Stricta), a grass species and an 

indicator of P. palustris sandhill community health (Hardin, 2004) may be included as a 

relational species (Gustafson et al., 2004).  Additional historical data or tree cores from 

the WPU may provide for more accurate age distributions of species.  Although long-

term validation procedures are difficult to establish, they would support the quality and 

viability of this model.   

Conclusions 

Several of this study’s objectives were met.  Two fire regimes were created to 

assess the landscape over time in relation to P. palustris and its competitive hardwoods in 

an ideal fire-maintained habitat and a fire suppressed one.  Even though this model did 

demonstrate certain characteristics of P. palustris dynamics well, the results were not 

entirely realistic: Fire frequency was still considerably lower in the FFM, especially 

within individual populations, than what is required to maintain a viable P. palustris 

ecosystem.  Q. hemisphaerica and Q. geminata were quite accurately depicted on the 

landscape, while some of the simulated dynamics of Q. laevis lacked realism.  LANDIS 

II may provide the details to more precisely simulate the fire regime desired for this 

study, although the fragmented structure of the WPU may still adversely affect the 
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model’s fire spread processes.  The WPU may be able to use LANDIS as a management 

tool to visualize the adverse effects hardwoods may have on P. palustris sandhill 

communities within just a few decades.  With some fine-tuning of parameters and 

implementation of smaller time steps, this model may dramatically improve and be 

applicable for management to visualize P. palustris population dynamics through time. 

 
 

 

 



 

CHAPTER 3 
DEVELOPMENT OF A DEMOGRAPHIC MATRIX MODEL OF LONGLEAF PINES 

(Pinus Palustris) 

Introduction 

Longleaf Pine 

P. palustris is a unique fire-dependent tree species of the southeastern United 

States.  Frequent low-intensity fires remove accumulated leaf litter, overgrown grasses, 

and encroaching oaks exposing bare-mineral soil required for seed germination and 

establishment (Croker, 1975; Boyer, 1990; Myers, 1990).   Another distinctive feature 

about this pine is its seedling’s slow growing ‘grass stage’.  Here it develops a long thick 

tap root (Myers, 1990), increases in diameter (Platt et al., 1988), and is protected from 

fire through dense tuft of long, moisture rich needles.  It may stay in this stage for 5-15 

years.  Within one growing season, P. palustris can grow over 1m in height avoiding 

lethal temperatures of fire near the ground surface while protecting the terminal bud.  A 

maturing tree develops fire-resilient scaly plates, which define it as the most fire-resistant 

pine.  Furthermore, the ecosystem has vegetation with pyrogenic traits that facilitate the 

ignition and spread of fire (Fonda, 2001; Myers, 1990).  Without frequent fire, the stable 

P. palustris dominated forest disappears due to failure of seedling establishment and 

incursion of hardwood upland species (Myers, 1990). 

Sandhill, a P. palustris dominated ecosystem, was once one of the largest forest 

types in the southeastern coastal plain of the United States, but has diminished by over 

90% due to harvesting and fire suppression. The highly dispersed pine and low 
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understory provided for an easily traveled and nicely shaded route for early European 

settlers (Hall, 1829).  The ecosystem became fragmented by clear-cutting for timber, 

development, introduction of livestock, and agricultural practices.  Many of these 

fragments have suffered from fire suppression resulting in encroachment by more fast 

growing, shade tolerant tree species (Frost, 1993; Rasser, 2003). 

Restoration and preservation of P. palustris dominated ecosystems has become a 

well known practice in the southeast which contributes to recreation, aesthetics, reducing 

the onset of pest infestation, and conservation for endangered and often endemic species 

that thrive in this habitat (Boyer, 1993; Neel, 1993).  Land managers plan for frequent 

low-intensity fires (~3-5 years) that keep encroaching hardwoods in check (Hartnett and 

Krofta, 1989; Platt and Rathbun, 1993).   These fires also create an environment that 

supports P. palustris recruitment and open savannah like parks for recreation including 

hunting and easily traveled trails (Myers, 1990).  Several endemic species thrive in these 

habitats, including the Sherman’s fox squirrel (Sciurus niger), red-cockaded woodpecker 

(Picoides borealis), brown-headed nuthatch (Sitta pusilla), Bachman’s sparrow 

(Aimophila aestivalis), and the gopher tortoise (Gopherus polyphemus) (Engstrom, 1993).    

Population Matrix Modeling 

Population matrix models are an ideal starting point for analyzing tree population 

dynamics (Escalante et al., 2004; Zuidema and Zagt, 2000).  Population matrix models 

often use size-based classes and transition probabilities developed from individual tree 

measurements over time.  They are mechanistically designed to simulate survival, 

growth, death, and fecundity in user defined time steps assuming that the environment in 

which their data was collected is constant over time (Caswell, 2001).  The labor required 

to census and map the data needed to estimate these probabilities is intense (Silvertown et 
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al., 1996).  Estimation of size-specific fecundity is especially difficult because the 

process of seedling establishment depends on seed production, seed viability, dispersal, 

and site quality on multiple scales. 

Objectives 

The purpose of this research was to study P. palustris demographics in order to 

develop comprehensive density-dependent transition matrix models using multiple data 

sources.   Two transition matrices were developed:  (I) A P. palustris population 

transition matrix for a fire-maintained ecosystem and; and (II) A P. palustris population 

transition matrix for an ecosystem during fire suppression.  These matrices were 

combined into one model to assess its response to various fire frequencies.   

Methods 

Data Sources 

 Data were compiled on longleaf pine demography from several sources for the 

development of the fire-maintained transition matrix model.  A population transition 

matrix built by Platt et al. (1988) for longleaf pines (P.  palustris) at the Wade Tract, 

Thomas County, Georgia was used as a base for our model.   Longleaf pine seedling and 

mature tree growth data recorded by the Joseph W. Jones Ecological Center at the 

Ichwauy Preserve, Baker County, Georgia (Jones et al., 2003; Palik et al., 2003) were 

used to extend the Platt model.  Longleaf pine seedling survivorship data were extracted 

from the Jones Center data and a seedbed preparation study performed at the Escambia 

Experimental Forest in southwest Alabama (Croker, 1975).  Simulated fire suppression 

effects on longleaf pine recruitment were estimated from a study in Chinsegut Hill 

McCarty-Woods in northern Glades County, Florida (Hartnett and Krofta, 1989).   
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Transition Matrix Development 

We extended an existing four year transition matrix model (Platt et al., 1988) with a 

new 0-2cm diameter size class (Table 3-1a.).  The model was implemented in the python 

programming language.  The transition matrix created by Platt et al. was specifically 

designed for a frequently burned P. palustris population (1-4 years), and therefore an 

ideal starting point.  The four year transition probabilities were in eight size classes, 

starting with 2-10cm and continuing in 10cm increments (e.g., 10-20cm) until reaching 

the 70cm+ size class.  The Platt model lacked seedling (0-2cm) size class transition 

probabilities and fecundity estimates for a fire maintained P. palustris ecosystem.  An 

intensive gap analysis on P. palustris seedling survivorship at the Ichwauy Preserve from 

1998 through 2003 provided a complete population state vector (Jones et al., 2003; Palik 

et al., 2003).  In this study, ground measurements were collected on adult longleaf pines 

[>4cm dbh (diameter at breast height)] and randomly planted plots of seedlings.  Seedling 

survivorship (34%) was estimated in two frequently burned P. palustris sites (Croker, 

1975; Jones et al., 2003; Palik et al., 2003) which was similar to Boyer’s (1963) seedling 

survival rate (38%).  Although the seedling mortality rate (including significant fire 

scorch) seems high, the effects of fire suppression on seedling establishment are profound 

(Boyer, 1963; Boyer, 1990; Myers, 1990).   

The current population of P. palustris at the Ichwauy Preserve is essentially at an 

ideal maximum density or K (basal area of 11.58 m2/ha) according to Boyer’s (1999) 

estimates for maintaining a healthy and naturally regenerating P. palustris population and 

therefore applied as such to the model.  We assumed that fecundity and seedling survival 

were functions of tree density.  Size-specific relative cone production from Platt et al. 

(1988) was used to scale fecundity estimates.  Fecundity values in the matrix represent 
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the size-specific per capita number of newly established seedlings that enter the 

population.  Because seedling establishment depends on a complex process that includes 

cone production, seed viability, seed dispersal, and germination safe sites, these 

parameters are difficult to estimate.  In order to estimate fecundity parameters, we 

assumed a maximum population growth rate (λ) of 1.05.  The maximum growth rate 

would only occur in a population with no density limitation.  Size-specific fecundity 

values were estimated with an iterative procedure (Cropper and DiResta, 1999) using the 

Bisection method.  We assumed that fecundity scaled with size according to the ratio of 

1:1:3:3:5:5:5 for the seven largest size classes.  Model behavior is not sensitive to the 

assumption of how fecundity scales with size (Cropper and DiResta, 1999).  This is also 

consistent with the relatively low elasticity (asymptotic growth rate sensitivity) for 

fecundity values in the matrix model (see below). 

Longleaf pine seedling growth (McGuire et al., 2001; Gagnon et al., 2004) and 

distribution pattern in gaps (Platt et al., 1988; Brockway and Outcalt, 1998) indicate that 

seedlings are competitively inhibited by larger trees.  Although the functional relationship 

between adult density and seedling establishment and survival cannot be quantified, long-

term simulations require density-dependence for realism.  A population characterized by 

our matrix model growing at λ = 1.05 could increase from 200 trees per ha to 1,662 trees 

per ha in 80 years.  For comparison, the density of a virgin longleaf pine stand in 

Louisiana in 1935 was reported to be between 191 and 233 trees per ha (Penfound and 

Watkins, 1937). 

In order to simulate seedling density-dependence, we assumed that the fecundity 

and seedling survival matrix elements were functions of the number of trees greater than 
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10cm diameter.  We also assumed a local population carrying capacity (K) of 500 trees 

greater than 10cm diameter (100m radius plot).  Calibrating the density function starts 

with two sets of matrix parameters; one, the matrix for the maximum growth rate (λ = 

1.05, or other assumed values); the other being a matrix that represents stable growth at K 

( λ = 1.00).  Fecundity and seedling survival values are calculated as: 

f(N) = Max * e (-kd * N)       (3-1) 

where f(N) is the value of the matrix element at population size N, Max is the value 

of the matrix element in the maximum growth matrix, and kd is a constant (e.g., a 

fecundity value of 2.63 for trees greater than 50 cm at λ = 1.05; Figure 3-1.). The value of 

kd is determined by solving the equation for a value of f(N) equal to the λ = 1 matrix 

element and a value of N set at K, which is at a stable equilibrium in this model.  This 

density-dependent model has been used to model fisheries (Caswell, 2001) and a Poa 

population in the UK (Case, 2000) based on measured fecundity and seedling survival at 

different densities. 

 A second transition matrix model was created to represent the effects of fire 

suppression on P. palustris establishment (Table 3-1b.).  It has been determined that after 

just 15 years without fire disturbance, P. palustris recruitment ceases (Hartnett and 

Krofta, 1989) due to lack of bare mineral soil, low shade tolerance, and poor competitive 

abilities of seedlings (Myers, 1990).  Even just a few years of fire suppression can 

dramatically reduce the amount of recruitment and vigorous herbaceous encroachment 

may adversely affect growth and survival of young longleaf pines (Hartnett and Krofta, 

1989; Platt and Rathbun, 1993).  As such, we assumed that seedling number would 

decline exponentially as fires are suppressed (Figure 3-2.).  We were able to achieve this 
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by simply using the same transition probabilities as the first model and setting the size-

specific fecundity parameters to zero. 
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Figure 3-1. Example of the function used to determine the values of the matrix elements 
(trees >50cm dbh) assuming a maximum growth rate (λ=1.05).   The dotted 
line represents the population at K, which is at a stable equilibrium. 
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Table 3-1.  Transition matrices developed from multiple data sources including the base transition matrix created by Platt et al. (1988).  

The measurements refer to the diameter of the trees (at breast height for those applicable).  
a.) Fire Transition Matrix 

  Year 0 (cm) 
Year 4 (cm) 0 to 2 2 to 10 10 to 20 20 to 30 30 to 40 40 to 50 50 to 60 60 to 70 70 + 

0 to 2 0.114 0 0.123 0.123 0.369 0.369 0.615 0.615 0.615 
2 to 10  

         
         
         
          
         
         
        

   

0.228
 

 0.756        
10 to 20 0.082

 
 0.834

20 to 30 0.138
 

 0.865
30 to 40 0.127

 
 0.834

40 to 50 0.152
 

0.899
50 to 60 0.077

 
 0.875

60 to 70
 

0.084
 

 0.891
70 + 0.054 0.882
Deaths 0.658 0.162 0.028 0.008 0.014 0.024 0.041 0.055 0.118
                    
b.) No Fire Transition Matrix 

  Year 0 (cm) 
Year 4 (cm) 0 to 2 2 to 10 10 to 20 20 to 30 30 to 40 40 to 50 50 to 60 60 to 70 70 + 

0 to 2  0.114 0 0 0 0 0 0 0 0 
2 to 10         

         
         
         
          
         
         
        

         

0.228
 

 0.756  
10 to 20 0.082

 
 0.834

20 to 30 0.138
 

 0.865
30 to 40 0.127

 
 0.834

40 to 50 0.152
 

0.899
50 to 60 0.077

 
 0.875

60 to 70
 

0.084
 

 0.891
70 + 0.054 0.882
Deaths 0.658 0.162 0.028 0.008 0.014 0.024 0.041 0.055 0.118
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Figure 3-2. Negative exponential function of seedling establishment after the onset of fire 

suppression.  Seedling numbers are below zero by year 16. 

Results and Discussion 

Error Analysis 

A simulated population with one fire in each four year time step was compared to 

real data from the Ichwauy Preserve collected on a five year time interval (1998-2003) 

for an error analysis (Table 3-2.).  Only the size-classes from 2cm on were used in this 

analysis because the same individuals were measured in 1998 and 2003.  This does not 

account for additional individuals entering the population, which is otherwise the case in 

the fire matrix model using fecundity and seedling transition probabilities.  As a result, 

there was a high percentage of error (118%) in the 2-10cm size class.  The 60-70cm size 

classes resulted in the most percentage error (303%) due to the small population and 

associated changes in that size class.  Otherwise, the % error ranged from -11 to 6%.  

Determining P. palustris growth from diameter measurements within five years is 

difficult because of the slow and variable growth characteristics of P. palustris. As the 

habitat is burned, the pine’s scaly plates protect the tree, but may stunt its growth and 

allow the bark to slough off causing growth patterns to seem absent or even reversed 

(e.g., lower dbh) during short periods (Myers,1990; Putz, personal communication, 
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2005).  As such, it is also relatively safe to compare P. palustris growth measurements 

with a one year discrepancy.   

Table 3-2.  Error analysis comparing one simulated time step of the fire matrix model to 
real five year growth data from the Ichwauy Preserve, FL. 

Size-Class (cm)   % Error Difference
2 - 10  118 474
10 - 20  -11 -105
20 - 30  6 55
30 - 40  -7 -88
40 - 50  4 32
50 - 60  -5 -7
60 - 70  303 6
70 +   0 0

 
Elasticity Analysis 

An elasticity analysis of the transition matrix was performed to evaluate the relative 

sensitivity of λ to changes in the matrix elements (Caswell, 2001).  Elasticity (eij) is 

calculated using the following equation: 

><
•=

VW
wva

e jiij
ij ,λ

        (3-2) 

Where aij are elements of the stage population matrix, W is the right eigenvector of 
the dominant eigenvalue (λ), V is the left eigenvector, and <W, V> is the scalar 
product of the two eigenvectors.   

The population matrix elements were classified as P, the probability of surviving 

and remaining in the same size class; G, the probability of growing into the next largest 

size class; and F, the per capita production of established seedlings.  Overall, the 

elasticity values (Figure 3-3.) demonstrated that P. palustris population growth was far 

more sensitive to P (range: 0.003 – 0.17), while G and F were much less sensitive (range: 

0.001 – 0.04).  This suggests that accurate estimates for P are necessary for representing 

the population growth rate (Doak et al., 1994).  G values for smaller size class trees were 

higher, signifying the relative importance of P. palustris growth of younger trees.  As λ’s 
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increase, G and F begin to play a stronger role in the model as P weakens.  In conclusion, 

this elasticity analysis follows similar analyses of other natural populations by 

summarizing the comparative effects of small changes in demographic rates (Doak et al., 

1994; Escalante et al., 2004). 

Fire Frequency Analysis 

Simulated fire frequency was varied to assess model behavior (Figure 3-4.; Figure 

3-5.).  With constant fires (1-4 year fire return interval) the population remained steady 

and at K.  Lower standard deviation and standard error of the total population with 

frequent fires suggested a more stable population through time (Ott and Longnecker, 

2001; Table 3-3.).  As the fire return intervals became larger, spikes in species abundance 

became more dramatic with each onset of fire but the population remained well below K 

and continued to deplete with proliferation of fire suppression (Figure 3-4.).  These 

spikes in population increase are the direct result of seedling recruitment when fires are 

brought back into the system (Figure 3-5.).  It is not clear how well this simulates reality.  

A healthy P. palustris population that has experienced fire suppression lasting 40 years 

may not be able to re-establish itself from a newly introduced fire regime due to the large 

fuel load that has most likely accumulated and other vegetative encroachment (Hartnett 

and Krofta, 1989; Gilliam and Platt, 1999).  However, the model does assume that fire 

occurs 1-4 times in each time step.  As such, some recruitment is likely especially if cone 

production is in a mast year and conditions are favorable (Platt et al., 1988; Boyer, 1999).  

The shorter fire return intervals then depict the more realistic behavior of P. palustris in a 

fire maintained community. 
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Figure 3-3.   Elasticity of various lambda values (λ).  F: fecundity; P: probability of 

remaining in the same size class; G: probability of growing to the next size 
class.  Size classes are in order from smallest to largest. 
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Table 3-3.  Descriptive statistics of the various fire return intervals.  Every four year fire 
return interval represents 1-4 years of low-intensity burns in one matrix time 
step. 

Fire Return Intervals (yrs.) 4 8 12 20 40 No Fire 
Mean 5,940 4,994 4,620 4,226 3,957 3,537
Standard Error 35 125 153 181 192 199
Standard Deviation 177 639 779 920 980 1,015
Sample Variance 31,447 407,997 606,372 847,299 960,623 1,029,834
Minimum 5,776 4,027 3,444 2,909 2,715 2,247
Maximum 6,756 6,756 6,756 6,756 6,756 6,756
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Figure 3-4.  Total number of individuals of P. palustris during various fire intervals.  The 

peaks in population growth are from seedlings establishing during years of 
fire occurrence. 

When the population was indefinitely subjected to fire suppression, the seedling 

size class effectively disappears within four time steps (16 years) in a negatively 

exponential fashion (Figure 3-5.), while the total population continued to decline until it 

reached below one at year 536.  With pines reaching maximum and mean ages of 400-

500 (Boyer, 1999) and 200-250 (Putz, personal communication, 2005), respectively, and 

assuming no anthropogenic (e.g., logging) or catastrophic disturbances (e.g., hurricanes), 

this estimate of the youngest tree reaching 536 years of age is unlikely.  Although, the 
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population is under 100 by year 316, suggesting a struggling population in route to its 

demise. 
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Figure 3-5.  Total number of P. palustris seedlings during various fire intervals.  The 

peaks coincide with population growth rates in Figure 3-4.  

An advantage to the frequent fire regime is the consistent uneven age structure of 

the population.  Infrequent fires that stimulate new P. palustris growth tend to create gaps 

of missing age-classes in the population.  This may influence cone production and seed 

crops with the lack of necessary mature trees at particular periods in time.  Gap sizes or 

densities of adult trees may therefore fluctuate dramatically through time as a result.  

Unnecessarily large gaps allow some P. palustris recruitment, but also allow for faster 

growing competing vegetation to take over the landscape.  If gaps are not large enough, 

seedling establishment and success may be inadequate for a sustainable population 

(Grace and Platt, 1995; Palik et al., 2003).    

Future Model Development  

Several additions to the transition matrix and more in-depth validation procedures 

may be used to further develop this model.  Since most P. palustris forests are managed 
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to some degree and are often in a restoration stage, there are many variations in 

population structure and composition, understory and site conditions, and fuel traits, 

which may influence population development.  The model should include validation with 

site specific management strategies, such as burning initiatives, seedbed preparation, and 

thinning. These managed forests spanning from east Texas to the east coast of Virginia 

(Frost, 1993) provide for an opportunity to use and compare this model with their P. 

palustris population dynamics.  More specifically, K may vary between sites and between 

size and even age classes within a population.  In our model, fecundity estimates were 

assumed based on a hypothetical growth rate.  Applying empirical fecundity values in a 

stage based distribution may improve these estimates.  Seedling parameters are difficult 

to estimate due to their complex growth and survival patterns related to environmental 

influences, such as fire and nutrient competition from adult P. palustris or encroaching 

vegetation (Grace and Platt, 1995; Gagnon et al., 2004).  Their growth rate in diameter 

was especially difficult.  For instance, Grace and Platt (1995) showed that many P. 

palustris seedlings do not even reach 2cm in diameter in four years.  As such, it may be 

required to separate this size class into smaller size classes for particular P. palustris 

populations. 

This modeling technique may be further improved by acquiring more long-term 

data on this slow growing and long-lived species.  Unfortunately, funding and research 

opportunities are often rather short-term and therefore may influence the model’s utility.  

For instance, the data sources used in this study did not have measurements recorded 

beyond a six year period.  Other studies (e.g., Veno, 1976) used past research and data 
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collected to continue understanding forest dynamics of a site on a larger temporal scale 

(>20 years).   

Implications of Using Multiple Data Sources 

It would have been ideal to collect all of the data for model development and 

testing within the Goethe State Forest.  This was not practical because of the incredible 

time, money, and effort required to collect and analyze the raw data needed to create such 

a comprehensive demographic model on P. palustris.  On the other hand, using multiple 

data sources may produce large errors associated with environmental and anthropogenic 

factors.   P. palustris populations may vary by site condition, such as vegetative structure 

and composition, landscape history, climatic conditions, soil and available nutrients, and 

high genetic variation (Boyer, 1990).  Management and research objectives impact these 

populations as well, through variation in the fire regime, physical manipulation of the 

landscape (e.g., planting, thinning), and having different data collection methods and 

goals.   

Conclusions 

This model has the potential to become practical and useful for further 

understanding of the population dynamics of this long-lived conifer.  The essential 

elements of a complete transition matrix have been estimated from reliable resources.  A 

K was implemented into the model as a spatial restriction or density-dependent function.  

The unique survivorship characteristics of P. palustris seedlings and fecundity estimates 

were applied to the transition matrix to develop a more comprehensive modeling scheme. 

Elasticity and model behavior analyses provided for model responsiveness to its inherent 

elements and validation procedures resulted in relatively low error.  Using the dual 

transition matrix technique applied the behavioral response of this conifer to fire.  The 
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abundant research done on P. palustris population dynamics (e.g., Boyer, 1990) coupled 

with population modeling techniques provide opportunities to continue understanding 

this complex conifer and its habitat. 

 

 



 

CHAPTER 4 
HYBRID APPROACH TO SPATIAL AND DEMOGRAPHIC MODELING OF 

LONGLEAF PINES (Pinus Palustris) 

Introduction 

Longleaf Pine 

P. palustris is a unique fire-dependent tree species of the southeastern United 

States.  Frequent low-intensity fires remove accumulated leaf litter, overgrown grasses, 

and encroaching oaks exposing bare-mineral soil required for seed germination and 

establishment (Croker, 1975; Boyer, 1990; Myers, 1990).   Another distinctive feature 

about this pine is its seedling’s slow growing ‘grass stage’.  Here it develops a long thick 

tap root (Myers, 1990), increases in diameter (Platt et al., 1988), and is protected from 

fire through dense tuft of long, moisture rich needles.  It may stay in this stage for 5-15 

years.  Within one growing season, P. palustris can grow over 1m in height avoiding 

lethal temperatures of fire near the ground surface while protecting the terminal bud.  A 

maturing tree develops fire-resilient scaly plates, which define it as the most fire-resistant 

pine.  Furthermore, the ecosystem has vegetation with pyrogenic traits that facilitate the 

ignition and spread of fire (Fonda, 2001; Myers, 1990).  Without frequent fire, the stable 

P. palustris dominated forest disappears due to failure of seedling establishment and 

incursion of hardwood upland species (Myers, 1990). 

Sandhill, a P. palustris dominated ecosystem, was once one of the largest forest 

types in the southeastern coastal plain of the US, but has diminished by over 98% due to 

harvesting and fire suppression (Myers, 1990). The highly dispersed pine and low 

49 



50 

understory provided for an easily traveled and nicely shaded route for early European 

settlers (Hall, 1829).  The ecosystem became fragmented by clear-cutting for timber, 

development, introduction of livestock, and agricultural practices.  Many of these 

fragments have suffered from fire suppression resulting in encroachment by more fast 

growing, shade tolerant tree species (Frost, 1993; Rasser, 2003). 

Restoration and preservation of P. palustris dominated ecosystems has become a 

well known practice in the southeast which contributes to recreation, aesthetics, reducing 

the onset of pest infestation, and conservation for endangered and often endemic species 

that thrive in this habitat (Boyer, 1993; Neel, 1993).  Land managers plan for frequent 

low-intensity fires (~3-5 years) that keep encroaching hardwoods in check (Hartnett and 

Krofta, 1989; Platt and Rathbun, 1993).   These fires also create an environment that 

supports P. palustris recruitment and open savannah like parks for recreation including 

hunting and easily traveled trails (Myers, 1990).  Several endemic species thrive in these 

habitats, including the Sherman’s fox squirrel (Sciurus niger), red-cockaded woodpecker 

(Picoides borealis), brown-headed nuthatch (Sitta pusilla), Bachman’s sparrow 

(Aimophila aestivalis), and the gopher tortoise (Gopherus polyphemus) (Engstrom, 1993).    

Hybrid Modeling 

Creating hybrid ecosystem process models provide an opportunity to employ 

important aspects of two or more models to create a new more robust model.  Hybrid 

models can be constructed with components that include simulation models, statistical 

models, and empirical spatial models [Geographic Information System (GIS) models]. 

Robinson and Ek (2003) utilized at least six various empirical and physiological based 

modules to develop an individual-tree growth and dynamics model.  Logofet and 

Korotkov (2002) incorporated spatially explicit forest inventory data to apply a 
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geographical component within a Markov chain model measuring natural succession of 

forest types.  Lamar and McGraw (2005) compared two matrix population models of 

eastern hemlock (Tsuga canadensis L.), one created from field data and one created from 

remote sensing techniques using low elevation aerial photography.   Each of these studies 

used the inherent strengths from each model to establish a more viable model of forest 

dynamics.   In this study, density-dependent matrix population models use particular 

outputs from the spatially explicit LANDIS (LANdscape DIsturbance and Succession; 

Mladenoff et al., 1996) model to assess P. palustris population dynamics. 

 Population matrix models are an ideal starting point for analyzing tree population 

dynamics (Escalante et al., 2004; Zuidema and Zagt, 2000).  They have become powerful 

tools used in the natural sciences and have gone on to be used in hybrid model research 

(Logofet and Korotkov, 2002; Lamar and McGraw, 2005).  Population matrix models 

often use size-based classes and transition probabilities developed from individual tree 

measurements over time.  They are mechanistically designed to simulate survival, 

growth, death, and fecundity in user defined time steps assuming that the environment in 

which their data were collected is constant over time (Caswell, 2001).  The labor required 

to census and map the data needed to estimate these probabilities is intense (Silvertown et 

al., 1996). Estimation of size-specific fecundity is especially difficult because the process 

of seedling establishment depends on seed production, seed viability, dispersal, and site 

quality on multiple scales. 

LANDIS on the other hand, models landscapes over large spatial and temporal 

scales requiring relatively coarse input data of dominant tree species and fire 

characteristics of the land (He and Mladenoff, 1999).  The model is spatially interactive, 
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implementing variables such as tree species seeding characteristics and cohort-based 

growth capabilities, as well as fire ignition, spread, and fuel traits.  These features enable 

the user to gain insight into the overall dynamics of the forest system visually and 

quantitatively over decades to several centuries (Mladenoff and He, 1999).   

Objectives 

The purpose of this research was to utilize the linked outputs of a spatially explicit 

forest succession model (LANDIS), and a density dependent transition matrix model to 

examine P. palustris population dynamics over time.  Temporal fire data from LANDIS 

was used to select between two transition matrices: (I) A P. palustris population 

transition matrix for a fire-maintained ecosystem and; (II) A P. palustris population 

transition matrix during fire suppression. The ultimate goal was to tie P. palustris 

population numbers to specific management units or independent populations. 

Methods 

Study Area 

The Watermelon Pond Unit (WPU) of the Goethe State Forest is a 1938-ha tract 

located in Levy and Alachua counties of Florida, USA (latititude 29o 32’ 42 “, longitude 

82 o 36’ 20”; Figure 4-1.).  It has a checker-board structure that makes land management 

difficult, especially for prescribed burning.  Agricultural land owners, state and county 

roads, and two small towns divide the forest, further complicating management.  Before 

European settlement, the land was a homogeneous landscape of the sandhill community 

type dominated by P. palustris.  During the last century, the area was fragmented by 

anthropogenic effects, specifically phosphate mining and non-sustainable timber 

harvesting.  Many of these areas were unmanaged causing dramatic successional changes 

in this ecosystem with few P. palustris trees left today (Rasser, 2003).  Now, one of the 
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main management goals is the immediate implementation of prescribed burning 

initiatives for restoration and preservation of the remaining sandhill areas (Hardin, 2004). 
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Figure 4-1. Map of the study site: Watermelon Pond Unit of the Goethe State Forest, 

Florida, USA. 

Outside Data Sources 

 Data were collected on longleaf pine demographics from several outside sources 

for the development of the fire-maintained transition matrix model used in this study.  A 

population transition matrix built by Platt et al. (1988) for longleaf pines (Pinus palustris) 

at the Wade Tract, Thomas County, Georgia was used as a base for our model.  Longleaf 

pine seedling and mature tree growth data recorded by the Joseph W. Jones Ecological 

Center at the Ichwauy Preserve, Baker County, Georgia were used for assessing density 

parameters (Jones et al., 2003; Palik et al., 2003).  Longleaf pine seedling survivorship 
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data were extracted from the Jones Center data and a seedbed preparation study 

performed at the Escambia Experimental Forest in southwest Alabama (Croker, 1975).  

Simulated fire suppression effects on longleaf pine recruitment were estimated from a 

study in Chinsegut Hill McCarty-Woods in northern Glades County, Florida (Hartnett 

and Krofta, 1989).   

Hybrid Modeling Techniques: The Spatial and Demographic Components 

Modeling P. palustris response to fire requires addressing processes at both the 

landscape scale and at the population scale.  It is certainly possible to construct a single 

model that simulates the landscape fire regime as well as seedling establishment and tree 

growth and mortality.  A hybrid approach, however, has the advantage of using models 

that have already been developed (LANDIS, P. palustris matrix population model), 

which are operating at different time steps, to meet the model objective with significantly 

less model development effort. The principal problem of the hybrid model approach is 

passing information between the individual models. 

LANDIS outputs, and other data sources, were used to estimate the: a) initial P. 

palustris size-classes and fire distributions; b) P. palustris carrying capacity; and c) fire 

disturbance frequencies, all within individual P. palustris populations of the WPU.  

These populations were chosen because of their size and relative fire disturbance 

frequency and distribution simulated within LANDIS (Figure 4-2.).   A small isolated 

population in the northern territory (270ha) of the WPU was used as well as the much 

larger southeastern section (WPU East; 792ha).  For comparison, the entire population 

(1874ha) at the WPU was also simulated assuming each fire disturbance in LANDIS 

affects the entire site’s P. palustris population.  From a graphical analysis of age and size 

relationships in Platt et al. (1998), the initial age-class distributions created for LANDIS 
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(see Chapter 1) were used to determine the size-class distributions found in each of the 

three P. palustris populations.  The number of individuals within each population was 

calculated from: a) the known area of P. palustris sandhill habitat within each section; b) 

the size-class distribution within each section; and c) the P. palustris population density 

of the Ichwauy Preserve (basal area of  11.58 m2/ha).  This population was essentially at 

an ideal maximum density or carrying capacity (K) according to Boyer’s (1999) estimates 

for maintaining a healthy and naturally regenerating P. palustris population.  We 

assumed that fecundity and seedling survival were functions of tree density.  Size-

specific relative cone production from Platt et al. (1988) was used to scale fecundity 

estimates (see Chapter 2).  Fire frequency distributions were purely based on the 

occurrence of fire within each of the three populations for each model created in 

LANDIS.  The Frequent Fire Model (FFM) simulated fires every one to two LANDIS 

time steps (10-20 years) and the Infrequent Fire Model (IFM) simulated a more fire 

suppressed ecosystem with a fire return interval of 1-7 LANDIS time steps (10-70 years).  

The size, intensity, and frequency of burns varied across the landscape which were 

influenced by land characteristics and tree species inter- and intra- specific behavior. 

Fire was simulated with the matrix population model through application of two 

size class transition matrices representing population dynamics with fire or with no fire 

during each ten year time step in LANDIS.  The development and analysis of the two 

matrices are described in detail elsewhere (see Chapter 2).  Essentially, one four year 

transition matrix represents a P. palustris population subjected to a regular low-intensity 

burning regime (1-4 years).  The other four year transition matrix represents a P. palustris 

population subjected to fire suppression with fecundity set to zero.  When the fire 
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transition matrix is chosen, fecundity and seedling survival rates are density-dependent, 

with equilibrium at the carrying capacity (K).  Density-dependence is not applied in the 

fire suppression transition matrix because of the rapid decline in recruitment in the 

absence of frequent burning (Hartnett and Kofta, 1989). 

"Small" Isolated 
Population

"Large" Population:
WPU East

0 1 20.5 Kilometers

0 1 20.5 Kilometers

 
Figure 4-2. The three areas within the study site with P. palustris populations used in the 

hybrid model analysis: 1) The entire WPU (1874ha); 2) The southeastern 
portion of the WPU, namely WPU East (792ha); 3) A small isolated 
population in the northern section of the WPU (270ha).  Refer to Figure 4-1. 
for the layout of the WPU. 

Two application methods were proposed to handle the time step discrepancy 

between LANDIS and the matrix model.  The hybrid matrix model runs an alternate of 2 

to 3 times per LANDIS time step, so that five 4-year time steps equal two LANDIS time 

steps (Figure 4-3.).  When a fire occurs in LANDIS, it only disturbs an area once and 

therefore, the fire matrix model should only run once per LANDIS time step.  The 
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positioning of whether the fire matrix runs first, second, or third, is randomly selected.  

For comparison, a second matrix model was designed to employ the fire transition matrix 

2 or 3 times when a fire occurs in LANDIS. 

 
Figure 4-3.  Diagram of the time step discrepancy between the matrix population model 

(4-year) and LANDIS (10-year). 

Results and Discussion 

Fire Effects on Individual Populations  

The overall simulated longleaf pine population abundance changes were a direct 

result of seedling recruitment fluctuations caused by fire disturbance and fire suppression 

(Figure 4-4.)  As fires occur on the landscape, the accumulated fuel (e.g., leaf litter, 

herbaceous growth) burns to expose bare mineral soil for the establishment and 

germination of P. palustris seedlings, assuming good seed production and site conditions 

(Gilliam and Platt, 1999).  Without fires, seedling recruitment decreases exponentially 

until they cease to establish 15 years (~ 4 times steps) from the onset of fire suppression 

(Hartnett and Krofta, 1989). 
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Figure 4-4.  Total abundance changes within the small population in relation to the 

seedling abundance changes.  The spikes relate directly between total 
population numbers and the recruitment of seedlings. 

The two application methods for using the fire transition matrix (e.g., 1 or 2/3 times 

per LANDIS time step) were compared (Figure 4-5.).  Having the fire transition matrix 

run 2 to 3 times more results in a clear percent increase in mean (41-59%) and abundance 

at year 500 (74-84%) in all three populations.  The entire WPU and WPU East had higher 

variation (31% and 28%, respectively) in population numbers using the transition matrix 

2/3 times per LANDIS time step, while the isolated portion of the WPU did not show 

much difference (0.03%).   In the isolated population, there was a time lag that allowed 

for fire suppression to take effect for both application methods.  In the two larger 

populations, the fires were frequent enough to allow the 2/3 fire method to keep a steady 

increase or maintained P. palustris population (e.g., smooth curve). 
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Figure 4-5.  Total population changes of the matrix population model assuming fires 
occur either once or every iteration (2 to 3 times) within a LANDIS time step.  
Scale may be different between graphs. 
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P. palustris population dynamics were compared over 500 years assuming fires 

occurred in all transition matrices (all 2/3 times steps) during fire disturbance in LANDIS 

(Figure 4-6.).  The fire frequencies of the FFM resulted in relatively stable numbers in the 

two larger populations, while the isolated population continued to decline in both the 

FFM and the IFM.  The 62-80% increase in fire frequency in all populations resulted in 

90-96% larger numbers at year 500 using the FFM.  The high fluctuations in the WPU 

East numbers was due to the large number of fires from the FFM that were spaced far 

enough apart for multiple reactions to fire suppression and seedling recruitment following 

fires. 

Comparing P. palustris simulation outputs of LANDIS and the matrix model was 

not possible due to their incompatible output formats.  LANDIS outputs the presence of a 

species in particular locations (cells) across a landscape and through time, lacking 

population numbers.  The matrix model outputs a species population in size-classes 

through time, lacking a spatial component.  However, utilizing the output fire frequencies 

of LANDIS in the matrix model to provide P. palustris numbers in individual populations 

at the WPU offered an opportunity for the missing elements of one model to be supplied 

by the other. 

Implications of Hybrid Approach 

This modeling approach demonstrates the ability to combine strengths of 

ecosystem models and compensate for their weaknesses (Kimmins et al., 1999).  Here we 

utilized the P. palustris transition probabilities derived from field work done by Platt et 

al. (1988) and others (Croker, 1975; Hartnett and Krofta, 1989; Jones et al., 2003, Palik et 

al., 2003) and added a density dependent function (see Chapter 2).  A spatial component 
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was built-in to specifically look at individual populations within the WPU as well as the 

fire frequencies and distributions created in LANDIS.   

Although this was an opportunity to use the elements of two models at two 

different scales, each model simulates species dynamics quite differently, especially 

related to fecundity and population changes.  LANDIS simulates fecundity from tree age-

cohorts reaching maturity and dispersing ‘seeds’ into adjacent cells (He et al., 2003), 

while the fire matrix model utilizes fecundity transition probabilities (Caswell, 2001).  

LANDIS simulates tree growth dynamics through a presence/absence approach with 

interacting tree age-cohorts and influential disturbances and site conditions (He et al., 

2003), while matrix models use size-based transition probabilities of one population of 

species assuming no competition, disturbance, or site variability (Caswell, 2001).    

Future Model Development 

The matrix population model approach is not spatially explicit, which may be a 

major limitation for longleaf pine simulation.  Seedling establishment is clearly sensitive 

to overstory density (Boyer, 1993; Grace and Platt, 1995; McGuire et al,. 2001).  The 

hybrid modeling approach, using LANDIS to provide some of the missing processes, is 

not a complete solution.  Although long-term data is often difficult to obtain, utilizing 

GIS data may provide the long-term information needed for calibration of such 

demographic models (Logogfet and Korotkov, 2002).  Acquiring and comparing 

demographic data collected from field-work and remotely sensed imagery (Lamar and 

McGraw, 2005) may be another calibration and validation option.  Obtaining site-specific 

demographic data is an ideal approach to enhancing this modeling scheme.  Since the 

data sources used to create these models are from a variety of projects and sites, 

demographic data from the WPU would be critical for model improvement.  Other details 
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that are essential to the integration of these two types of models include understanding 

size and age relationships of trees such as P. palustris (Platt et al., 1988) and measuring 

fecundity and seedling growth in sites with different fire histories.  

The time step discrepancy may be solved by using the next version of LANDIS 

(LANDIS II), which incorporates one to several year time steps.  This may enhance the 

realism of P. palustris behavior to fire and its competitive tree species in LANDIS while 

providing analogous time steps between the matrix models and LANDIS.  As a healthy P. 

palustris population requires frequent (3-5 years) low-intensity fires (Hardin, 2004), the 

fire return interval may decrease dramatically using LANDIS II, especially in the many 

isolated populations of P. palustris within the WPU.   

Conclusions 

The hybrid techniques used in this study were successful.  The temporal fire 

frequency and spatial data from LANDIS provided for inputs to simulate the P. palustris 

matrix models using various fire regimes.  Individual populations, or management units 

within the WPU, were simulated and analyzed.  The outputs of these two models were 

not compared because of their incompatible output formats [e.g., presence of species 

(LANDIS) vs. population numbers (matrix model)].  Using LANDIS II, spatial 

technologies, such as GIS and remote sensing, and more site-specific long-term ground 

data on growth and fecundity of P. palustris may improve justification procedures.  The 

abundant research done on P. palustris population dynamics (e.g., Boyer, 1990) together 

with demographic and hybrid modeling techniques provide opportunities to continue 

understanding this complex conifer and its habitat. 
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Figure 4-6.  Total population changes of the matrix population model assuming fires 

occur every iteration (2 to 3 times) within a LANDIS time step.  Scale is 
different between graphs.  FFM: Frequent Fire Model; IFM: Infrequent Fire 
Model. 

 



 

CHAPTER 5 
CONCLUSIONS 

General Conclusions 

Results, conclusions, implications, and overall applicability for each portion of this 

research are discussed here.  Conclusions from the spatial modeling portion of the 

research include:  

− Two fire regimes were created in relation to P. palustris and its competitive 

hardwoods in an ideal fire-maintained habitat and a fire suppressed one.   

− LANDIS demonstrated certain characteristics of P. palustris dynamics well: 

recruitment of young after fire, seeding distance, and fire tolerance. 

− Results were not entirely realistic: Fire frequency was lower in the FFM than 

what is required to maintain a viable P. palustris ecosystem.   

− Q. hemisphaerica and Q. geminata were accurately depicted, while dynamics of 

Q. laevis lacked realism.   

The demographic modeling led to the following conclusions:  

− The essential elements of a complete P. palustris transition matrix were 

estimated from data and literature.   

− Additions to the P. palustris matrix population model developed by Platt et al. 

(1988) included: 

o A density-dependent function  

o Survivorship and growth rates of P. palustris seedlings (<2cm dbh) 

o Fecundity estimates  
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− Model sensitivity and dynamics were analyzed through elasticity and scenario 

analyses. 

− Validation procedures resulted in relatively low error.   

− A dual transition matrix technique (with and without fire) applied the 

behavioral response of this conifer to fire.   

The hybrid modeling approach, consisting of the combined application of LANDIS 

and the demographic model, led to the following conclusions:  

− The temporal fire frequency and spatial data from LANDIS provided inputs to 

simulate the P. palustris matrix models using various fire regimes.  General 

responses to fire suppression were realistic. 

− Individual populations within the WPU were simulated and analyzed.   

− The incompatible output formats of the two models [e.g., presence of species 

(LANDIS) vs. population numbers (matrix model)] did not allow for model 

comparison.   

Limitations, Implications, and Future Work 

Spatial Modeling 

There are several limitations with the spatial model developed using LANDIS.  Q. 

laevis tolerates fires well and re-sprouts vigorously following fire (McGinty and Christy, 

1977), but was the least abundant species on the landscape during the model runs. The 

short fire return interval of 3-5 years (Hardin, 2004) required to maintain and/or restore 

sandhill communities could not be modeled with LANDIS 3.7 because of the 10 year 

time step. Furthermore, the fragmented structure of the WPU restricted fire spread across 

the landscape.   
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With some fine-tuning of parameters and implementation of smaller time steps, this 

model may dramatically improve and be applicable for management to visualize P. 

palustris population dynamics through time.  Species behavior for Q. laevis could be 

improved and additional calibration may fine-tune the model.  LANDIS II may provide a 

superior framework to simulate the fire regime desired for this study, although the 

fragmented structure of the WPU may still adversely affect the model’s fire spread 

processes.  Simulating each section separately may induce more frequent fires on each 

individual population of P. palustris.  Future work may also include adding more trees 

species found at the WPU to LANDIS, obtaining more historical data, collecting tree 

cores for ground referenced species age distributions, and applying long-term validation 

procedures to support the quality and viability of the model.   

Demographic Modeling 

There are several limitations to the development of the P. palustris demographic 

model.  The model should include site specific validation where management strategies 

vary.  More specifically, density-dependent dynamics may vary between sites and 

between size and even age classes within a population.  In our model, fecundity estimates 

were assumed based on a hypothetical growth rate.  Applying empirical fecundity values 

in a stage based distribution may improve these estimates.  Obtaining data on seedling 

growth rates in diameter was difficult and seemed to vary highly within and between sites 

(Grace and Platt, 1995).  It may be required to separate this size class into smaller size 

classes for particular P. palustris populations. 

This modeling technique may be further improved by acquiring more long-term 

data on this slow growing and long-lived species and collecting all of the data for model 

development and testing within the Goethe State Forest would have been ideal.  This 
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deemed impractical because of the incredible time, money, and effort required to collect 

and analyze the raw data needed to create such a comprehensive demographic model on 

P. palustris.   

Hybrid Modeling Approach 

There are several limitations to the hybrid modeling approach.  Although this 

method demonstrates the ability to combine strengths of ecosystem models, each model 

simulates species dynamics quite differently, especially related to fecundity and 

population changes.  Furthermore, using LANDIS to provide some of the missing 

processes is not a complete solution.  The time step discrepancy may be solved by using 

LANDIS II which incorporates one to several year time steps.   Using LANDIS II, spatial 

technologies, such as GIS and remote sensing, and more site-specific long-term ground 

data on growth and fecundity of P. palustris may improve justification procedures.   

Broad Implications of Research 

 Forest managers should understand the long-term implications of their 

management plans on forests as a whole.  Using a broad-scaled model, such as LANDIS, 

provides managers with a glimpse of how their forests are changing over time in respect 

to tree behaviors and interactions, site conditions, and disturbances without exhaustive 

input parameters.  They may easily change parameters, such as fire disturbances or 

species attributes in LANDIS using its graphical user interface.  To study the finer details 

of a forest, a comprehensive demographic model aids to assess one species over time 

within specific populations of a forest.  Although these inputs may be difficult to collect, 

using outside data sources on a commonly researched species may provide for the 

information needed.  
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 Much of this research and data collected may be used for studies in other natural 

areas.  Although the spatial inputs and site conditions used in LANDIS were specifically 

designed for the WPU, the attributes for each tree species may be used elsewhere.  As the 

four tree species and their habitats are very common in north-central Florida forests, the 

methodology may be utilized to study landscape level processes in other managed 

landscapes.  As mentioned earlier, because the P. palustris demographic model used 

multiple data sources, the model may be tested in various areas in the southeast to assess 

its viability.  The site conditions and management regimes within these areas may refine 

the demographic model for use in a specific area. 
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Landtype Attribute File: FFM 
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Landtype Attribute File: IFM 
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Map Attribute File 
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Map Index File 
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