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A B S T R A C T   

Longleaf pine once dominated much of the forested area of the Coastal Plain of the southeastern United States 
and is a focal forest type for restoration efforts. In these forests, two species dominate the canopy which may 
influence tree regeneration. Ultimately, the outcomes of habitat filtering, competition, and disturbance manifest 
in spatial patterns of tree regeneration, including in longleaf pine ecosystems. Understanding regeneration and 
establishment patterns can aid in restoration efforts. We ask how the dominant species in an established longleaf 
pine forest are spatially arranged to provide insight into the mechanisms that may be driving tree establishment 
in longleaf pine forests. 

We found that longleaf pine saplings were more likely to be found near the other dominant tree species in this 
forest, turkey oak trees, than in gaps or near to longleaf pine trees. Similarly, turkey oak saplings clustered 
around turkey oak trees but were dispersed in relation to longleaf pine trees. These findings point towards the 
interplay between canopy tree composition, leaf litter, and fire behavior as driving mechanisms in the successful 
establishment of both pines and oaks in this forest.   

1. Introduction 

Forest community composition is the result of an interplay between 
abiotic conditions and biotic interactions. The importance of factors 
within these two broad categories acting as filters on species composi-
tion and species coexistence has provoked a multitude of theories and 
studies (e.g. Palmer, 1994; Givnish, 1999; Chesson, 2000; Hubbell, 
2001; Wright, 2002; Silvertown, 2004; Adler et al., 2007; Volkov et al., 
2007; Gravel et al., 2011). Understanding the outcomes and relative 
importance of biotic and abiotic factors are key to restoration and 
management of forested ecosystems. Factors such as light, water and 
nutrients are often manipulated to achieve a desired species mixture in a 
forest for economic or ecological reasons (Fahey et al. 2018). Responses 
of trees to disturbances and treatments provide tools for forest managers 
to steer the direction of stand composition, yet forest ecosystems are 
complex. Investigating the patterns of only a few interacting species 
drastically reduces the complexity of community models and provides 

insights that can be hopefully extended into more diverse plant com-
munities by identifying common mechanisms that drive community 
dynamics (Levine et al., 2017). Longleaf pine communities in xeric 
sandhill ecosystems of the southeastern United States, which are often 
co-dominated by a few woody species, longleaf pine (Pinus palustris 
Mill.) and turkey oak (Quercus laevis Walter), provide an opportunity to 
investigate the outcomes of these mechanisms and interactions in a 
system that is the focus of restoration efforts. 

The southeastern US was once dominated by the longleaf pine forest 
ecosystem that was high in herbaceous diversity but low in woody plant 
diversity. At the community scale, longleaf pine forests represent one of 
the most diverse floras in North America (Hardin and White, 1989; Noss 
et al., 1995; Peet, 2006) with a species distribution of 40 or more 
vascular plant species per square meter (Walker and Peet, 1983) or 170 
per 1000 m2 (Shibu, Jokela and Miller, 2006), including nearly 200 rare 
or endemic plant taxa (Hardin and White, 1989). Longleaf pine, and the 
sympatric turkey oak, once potentially occupied ~37 million hectares of 
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forest across the Coastal Plains of the southeastern United States (Frost, 
2006). The longleaf pine ecosystem has historically played a large role in 
the Southeastern United States, both in the region’s ecology and econ-
omy (Jose et al., 2006). Over the past three centuries, land-use changes, 
including logging, agriculture, and altered fire regimes, have con-
strained the species to ~3 percent of its historical range (Frost, 1993; 
2006). 

The interactions of species in longleaf pine forests are tightly linked 
to the disturbances caused by fire and gap formation. Fire events, typi-
cally occurring at 2–5-year intervals, are critical to the health and 
function of longleaf pine ecosystems (Glitzenstein et al., 1995, 2003; 
Stambaugh et al., 2011). Gaps form through typical tree mortality pro-
cesses of disturbances (e.g. wind, fire, lightening, pests, and diseases). 
The relative importance of gaps and fires in maintaining this forest type 
is important for managers attempting to maintain and restore longleaf 
pine ecosystem. 

In sandhill forests, fire is thought to promote the regeneration of 
longleaf pines and associated herbaceous species by removing compe-
tition and exposing mineral soil (Mattoon, 1922; Wahlenberg, 1946; 
Rebertus et al., 1989; Boyer and White, 1990). Accumulation of pyro-
genic needles underneath the longleaf pine canopy facilitates wide-
spread fire disturbances and can create a positive feedback loop, 
reinforcing future longleaf pine regeneration across the forest (O’brien 
et al., 2008; Mitchell et al., 2009; Knapp et al., 2018). However, heavy 
fuel loads near trees can also reduce the survival of longleaf pine seed-
lings and saplings (Grace and Platt, 1995; Varner et al., 2005) particu-
larly when longleaf pine in the sapling stage and the bark is thin. The 
influence of fire intensity can create distinct spatial patterns of longleaf 
pine regeneration often associated with gaps near longleaf pine adults 
(Brockway and Outcalt, 1998; Palik et al., 2003; Pecot et al., 2007). 

Longleaf pine is often regarded as a gap colonizer and the open 
canopy structure of sandhill longleaf pine forests create sizable gaps 
when canopy trees die that could allow for regeneration though fire may 
still be necessary for reducing competition in the gap (Platt et al. 1988). 
Although early investigations of longleaf pine ecology attribute inter-
specific competition with hardwood species (e.g., oaks; Quercus spp.) as 
a limiting factor of regeneration (Williamson and Black, 1981; Rebertus 
et al., 1989; Provencher et al., 2001; Pecot et al., 2007), recent studies 
have found a facilitative relationship between longleaf pine regenera-
tion and hardwoods, particularly turkey oak abundance (Loudermilk 
et al., 2011, 2016; Hiers et al., 2014). Facilitation may be even more 
pronounced in sandhill ecosystems, where low moisture retention in 
xeric soils can affect the survival of less drought-tolerant seedling and 
sapling life-stages (Loudermilk et al., 2016). What remains unclear 
about the regeneration of species, particularly longleaf pine, in sandhill 
forests is which is more important gaps, competition, or facilitation. 

Here, we ask questions about the spatial arrangement and factors 
associated with woody regeneration in a sandhill ecosystem in the 
context of species coexisting in the forest. We hypothesize that the two 
dominant species, longleaf pine and turkey oak, create different condi-
tions that inhibit or promote tree regeneration. We expect saplings of 
both dominant species will cluster near oaks and be inhibited by longleaf 
pine. Further, we ask whether the canopy openness and basal area of the 
dominant species and their interaction predicts sapling abundance or if 
topographic variables drive sapling abundance. Finally, to explore the 
woody species diversity, we ask if areas dominated by pine or oak have 
different woody plant community diversity. We expect that oak domi-
nated areas are more species rich than pine dominated areas. 

2. Methods 

2.1. Site description 

The study area was the Ordway-Swisher Forest Dynamics Plot 
(hereafter OSFDP) located in the Ordway-Swisher Biological Station 
near Melrose, Florida (latitude 29.69101◦, longitude − 81.99305◦). The 

station is operated by the University of Florida as a long-term research 
facility. The station has a wide range of aquatic and terrestrial habitats 
including swamps, hardwood forests, mixed forests, and upland sandhill 
forests. The mean annual precipitation is 1290 mm, and the mean 
annual temperature is 20℃. Elevation at the OSFDP ranges from 35.3 to 
50.2 m a.s.l, with a mean of 44.7 m a.s.l. The mean slope is 3.2◦ with a 
range of 0.0 to 23.3◦. The climate is seasonal with frequent convective 
storms during the hot summers, and cool winters with temperatures 
occasionally dropping below 0 ◦C. The soils on the plot are of two types, 
Candler fine sand and Apopka sand. Both soil types are deep sandy soils 
that are very well drained. 

2.2. Data collection 

2.2.1. On the ground 
Between March of 2019 and February of 2020, a 23.04 ha (480 by 

480 m) mapped forest plot was installed in a portion of the sandhill 
habitat (Fig. 1). 

Prior to tree mapping, a survey team established a grid of georefer-
enced points using a real-time kinematic (RTK) survey in the NAD83 
(2011) datum and UTM 17N projection system. RTK was the best choice 
for the site with a regular positional accuracy on the 3D cm-level when 
used in unobstructed space allowing the observation of sufficient sat-
ellites (Pirti, 2007). The crew used two survey-grade GPS receivers 
(Topcon HiperLite+, one Base and one Rover), tape to measure antenna 
height above monument, 1 tripod for the Base, 1 bipod for the Rover, 
Range Pole (2 m), 1 Topcon Data Collector. 

The survey team started this task by identifying the proper locations 
for the local base stations in clear environments with open views of the 
sky, ensuring maximum satellite visibility. The east local base station 
monument was established on the north side of a nearby lake, the west 
local base station monument was established north of the northeast 
corner of the OSFDP plot (Fig. 2). To ensure uninterrupted data radio 
communication with the base station, the plot was divided equally be-
tween the east and west north–south post lines with base stations on 
each respective side. Full static GPS surveys were conducted for both 
bases by occupying each location for more than two hours and pro-
cessing using the National Geodetic Survey’s Online Positioning User 
Service. Forest canopy can attenuate GPS satellite signals and degrade 
position precision of horizontal coordinates by 5 cm and vertical co-
ordinates by 10 cm (Atinç et al. 2017). If canopy obstructions prevented 
getting an accurate location, the survey crew moved to a nearby unob-
structed location and then located the correct location for the corner 
from that offset. Each grid point was monumented with a 60 cm rebar 
segment fitted with an aluminum cap. 

To map the trees in the forest, trees were located within a 40 by 40 m 
quadrat by mapping them to the georeferenced center point of the 
quadrat using an azimuth to the nearest half-degree (Suunto K-14 
sighting compass) and a level distance to the pith of the tree to the 
nearest centimeter with a metal tape measure. The distance was 
measured from the RTK located center point of the quadrat to the 
perpendicular side base of the tree, working to keep the tape horizontal, 
while the azimuth was to the center of the tree most proximate to the 
quadrat center. At each tree >=1 cm DBH, we recorded the species, 
unique tag number, DBH, crown light exposure, status (live or dead), 
and height of DBH measurement if it differed from 1.37 m above the 
ground on the uphill side of the tree following the basic protocols of the 
ForestGEO network (Condit, 1998; Anderson-Teixeira et al., 2015; 
Davies et al., 2021). Codes and notes were recorded if there was any-
thing unusual about the tree. Multiple stemmed individuals were 
recorded if the fork was below DBH and above the soil surface. During 
the process of mapping trees in the plot, a prescribed fire occurred on 
June 24th of 2019. The eastern three-quarters of the plot was stem 
mapped prior to the burn and the western quarter after the burn. 

The plot census recorded 11 woody species from six genera and five 
families (Table 1). The plot is dominated in abundance and basal area by 
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two species, Pinus palustris and Quercus laevis, which make up >95% of 
the stems and basal area on the plot. The OSFDP basic species domi-
nance and abundance was characterized with an Importance Value that 

is calculated as the mean of the summed relative frequency and relative 
basal area of each species. 

Fig. 1. Location of the OSFDP in northern Florida. Red outline is the location of the Ordway Swisher Biological Station. The inset shows the stem map of the OSFDP 
with points scaled to tree diameter and color coded by dominant species (empty symbols are standing dead trees and filled symbols are live trees; x and y axis units in 
meters). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Google Earth image showing the location of the two local base stations (East Base, West Base) as well as the reference grid posts of OSFDP plot.  
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2.2.2. In the air 
UAV-based lidar data were collected to estimate canopy openness. 

The GatorEye Unoccupied Flying Laboratory was used to collect remote 
sensing data of the plot. For this study, we used the Generation 2 
GatorEye to collect very high-density lidar, RGB, and hyperspectral 

data. The central processing and georeferencing core is a STIM 300 
tactical grade IMU coupled with a differential GNSS antenna which in-
tegrates the lidar sensor, a Velodyne Ultra Puck 32c, a 24 MP visual 
camera with a 120-degree field of view (FOV) lens, and a Headwall 
Photonics Nano hyperspectral camera. This study focuses on analyses 

Table 1 
Stand table for all live woody species recorded in the OSFDP first census in rank order of Importance value.  

Scientific name Family Stems ha− 1 Relative frequency Basal area (m2 ha− 1) Relative Basal area Importance value 

Pinus palustris Pinaceae  271.35  61.20  6.72  69.96  65.58 
Quercus laevis Fagaceae  152.08  34.30  2.63  27.36  30.83 
Quercus geminata Fagaceae  6.42  1.45  0.174  1.81  1.63 
Diospyros virginiana Ebenaceae  6.81  1.54  0.001  0.015  0.78 
Vaccinium arboreum Ericaceae  3.86  0.87  0.002  0.022  0.45 
Pinus clausa Pinaceae  0.48  0.11  0.042  0.438  0.27 
Quercus hemisphaerica Fagaceae  1.04  0.23  0.021  0.220  0.23 
Quercus margarettae Fagaceae  1.13  0.25  0.016  0.168  0.21 
Amorpha fruticosa Fabaceae  0.09  0.02  0.0000075  0.000078  0.010 
Prunus americana Rosaceae  0.04  0.010  0.00071  0.0074  0.009 
Vaccinium stamineum Ericaceae  0.04  0.010  0.0000077  0.00008  0.005  

Fig. 3. Lidar derived products used in this analysis. (Upper left) linear regression between GatorEye digital elevation (m) model (DEM) and RTK GNSS field point 
elevation (m); (Upper right) example of 20 cm wide profile showing the DEM and the lidar points for an elevational gradient within the plot which is outlined in 
black; (Lower left) the DEM, from low elevation (0 m) in blue to high elevation (25 m) in red; and (Lower right) the digital surface model (DSM) showing tree 
canopies as higher elevation areas in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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using the lidar dataset. The Ultra Puck features 32 individual lasers, each 
with a maximum range of 220 m, a forward–backward FOV of 40◦, and 
side-to-side FOV of 360◦. The lidar sensors are factory calibrated, and 
with proper mission parameters and atmospheric conditions, they can 
collect points with an absolute accuracy exceeding plus/minus 5 cm. 
The flight platform is a DJI M600 Pro hexacopter, with up to 20-minute 
flight times, and controlled through automated missions developed in 
the UGCS ground station software. A detailed description of the hard-
ware components, software workflows, and download access to the 
GatorEye lidar data used in this study, at www.gatoreye.org. 

We collected dense lidar clouds (~288 pts / m2) of the study plot on 
06/03/2019 between 10:30 am and 1 pm EST using the GatorEye. For 
this, we conducted three separate flights, each lasting 15 min. Mission 
parameters were set to terrain follow at 80 m above ground level, a 
ground speed of 10 m/s, and to have the flight lines be 80 m apart. The 
trajectory was then processed in Inertial Explorer using the GNV 
continuously operating reference station site as a base station for dif-
ferential correction, and post-processed to raw lidar flight lines using 
Phoenix SpatialExplorer 5.9.9 in UTM 17 N WGS-84 horizontal and 
vertical projection, in meters. Post-processing of the flightlines was 
conducted using the GatorEye multi-scale post-processing (GMSPP) 
workflow (v. 229; described in detail at www.gatoreye.org). Specif-
ically, we identified ground points following clipping each flight line to 
its unique overlap area in LAStools LASoverlap software and then used 
the GMSPP to create a 5 × 5 m digital elevation model (DEM) using 
LASground_new parameter “city”. We used the RTK points, the collec-
tion of which is described above, to calibrate and then validate our DEM 
using a 60%/40% ratio, which resulted in 199/107 RTK points. The 
validation linear regression was: DEM elevation = -0.044090 +

1.003774 * RTK elevation (n = 198; p-value < 0.0001; Adj-R2 = 0.9978; 
RSE = 0.1098). This DEM was then used to produce final LAS format 
point clouds for WGS84 ellipsoidal height (m) and canopy height (m), 
and Geotiff rasters of DEM (0.5 × 0.5 m); digital surface model (0.25 ×
0.25 m), and canopy height model (0.25 × 0.25 m) (Fig. 3). 

To examine understory light availability, we calculated canopy gap 
fraction, a measure of canopy openness, at a 10 × 10 m resolution across 
the plot using the lidar point cloud data and the ‘lidR’ package (Roussel 
and Auty, 2019) in R version 4.0.2 (R Core Team, 2020). Based on the 
methods by Bouvier et al. (2015), gap fraction was estimated as the 
number of returns passing through to understory (defined here as 2.5 m 
above ground level) divided by the total number of returns (Morsdorf 
et al., 2006; Hopkinson et al., 2013). 

2.3. Analyses 

2.3.1. Point pattern analyses to determine sapling and tree spacing 
We evaluated the spatial arrangement of saplings to trees to test if 

there was repulsion or attraction between oaks and pines of the two size 
classes. We examined the spatial arrangement of the trees on the plot 
using a variety of spatial metrics. We divided the stems from the ground- 
based census into two size classes: saplings (1–5 cm DBH) and trees (10 
+ cm DBH), we removed the intermediate sized trees to focus on likely 
reproductive individuals and recent recruiting saplings. Recent studies 
of longleaf pine ecology have used similar thresholds (Shappell and 
Koontz, (2015) and Kleinman et al. (2020): maximum sapling size of 5 
cm DBH; Loudermilk et al., (2016): canopy trees > 10.16 cm DBH). We 
evaluated the cumulative nearest neighbor distribution function for 
multitype point patterns of saplings and trees of turkey oak and longleaf 
pine using the Gcross function from the spatstat package (Baddeley, 
Rubak, and Turner 2015) using a Poisson null model of spatial 
randomness which allows us to examine the spatial scale at which 
neighbors occur relative to a null model of randomness. 

We evaluated the spatial arrangement of saplings to trees to test if 
there was repulsion or attraction between oaks and pines of the two size 
classes. We use the bivariate pair correlation function, a second order 
summary statistic (Wiegand and Moloney 2004), which evaluates the 

point pattern intensity of two point patterns in reference to a null model 
to determine if the pattern is more or less intense than expected by the 
null model. The pair correlation function is variation of the Ripley’s K 
function and differs in that it evaluates discrete distance annuli rather 
than being cumulative like Ripley’s K (Wiegand and Moloney 2004). 
One of the assumptions with the basic pair correlation test is relative 
spatially homogenous point intensity or homogeneity. To test whether 
the point pattern intensities were spatially homogeneous, we evaluated 
the homogeneity of each of the four point patterns we were examining: 
longleaf pine trees, longleaf pine saplings, turkey oak trees, and turkey 
oak saplings using quadrat (~1 ha) counts across the plot area and found 
all point patterns to be inhomogenous. We then determined that the 
inhomogenous pair correlation function (pcfcross.inhomog function in 
the spatstat package (Baddeley, Rubak, and Turner 2015)) was most 
appropriate to evaluate for all four combinations of trees to saplings. We 
used a random shift null model with 199 randomizations to create null 
model simulation envelopes keeping the 5th highest and lowest ranking 
simulation value which provides a 95% confidence envelope (Baddeley, 
Rubak, and Turner 2015). The bivariate inhomogenous pair correlation 
function characterizes the probability of finding a sapling at a distance 
from a tree at the plot scale while accounting for unmeasured environ-
mental correlates that might create heterogeneity in the point pattern 
intensities (Getzin et al 2008). The observed point intensity is compared 
with the null model to determine if the pattern is more or less intense 
than would be expected under randomized conditions. 

2.3.2. Regression analyses to determine factors associated with sapling 
abundance 

We further analyzed the drivers of the sapling abundance using a 
generalized linear model to better understand the conditions related to 
sapling abundance. In these models, we analyzed both longleaf pine and 
turkey oak sapling counts (discrete counts bounded by zero) in 10 × 10 
m plots because we were using overdispersed count data all models 
included a negative binomial error distribution and log link (Lindén and 
Mäntyniemi, 2011). Predictors included both longleaf pine and turkey 
oak tree basal areas as well as canopy gap fraction, elevation, slope, and 
aspect of the focal 10 × 10 m area (Table 2.) All predictors were scaled 
by subtracting the mean and dividing by one standard deviation to allow 
for direct comparison of coefficient values. 

y = β0 + β1*BAPi + β2*BAOi + β3*GFi + β4*Elevationi + β5*Slopei

+ β6*sin(Aspecti) + β7*cos(Aspecti) + β8RACi + εi  

where y is either sapling counts in our GLM or Shannon Index diversity 
value (see below), BAP is the cumulative basal area of longleaf pine 
(m2), BAO is the cumulative basal area of turkey oak (m2), GF is the gap 
fraction (defined above from remote sensing), Elevation is the mean 
elevation, Slope is the mean slope, Aspect is the slope aspect decomposed 
into two linear components by taking the sine and cosine of the aspect 

Table 2 
Description of variables used in models evaluating sapling abundance and di-
versity at the OSFDP.  

Variable Mean SD 

Saplings 
Longleaf pine (count in 10 × 10 m subplot)  0.377  0.865 
Turkey oak (count in 10 × 10 m subplot)  0.348  1.13 
Shannon Index (H’)  0.314  0.323 
Tree basal area (m2 in 10 × 10 m subplot) 
Longleaf pine  0.064  0.072 
Turkey oak  0.024  0.038 
Topography 
Elevation (m)  44.66  31.684 
Slope (◦)  3.2  1.26 
Sine (Aspect)  − 0.097  0.733 
Cosine (Aspect)  − 0.516  0.431 
Gap fraction (proportion of understory returns)  0.466  0.23  
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(in radians) which were all derived from a digital elevation model 
constructed from remotely sensed data, a residual autocovariate (RAC) 
term (to account for spatial autocorrelation; described below), and 
finally an error term. We explored any potential correlation or multi-
collinearity among explanatory variables using the variable inflation 
factor and found all were below 2 which suggests no concerning 
inflation. 

Spatial autocorrelation in models violates assumptions of indepen-
dence used in standard statistical methods (Augustin et al., 1996). We 
evaluated spatial structure by calculating Moran’s I values of the model 
residuals (Cliff and Ord, 1981). We then incorporated a RAC term 
derived from our initial model residuals into our model (Crase et al., 
2012; Zhang et al., 2016). Finally, we verified residual spatial structure 
using a Moran’s I test based on observed and expected Moran’s I values 
under randomization and verify that the RAC term removed spatial 
autocorrelation from the model (Table 3). 

To address our hypothesis about the relation between woody sapling 
diversity and the density of pine or oak, we used a linear model to 
analyze the Shannon diversity index (H’) in response to the basal area of 
pines and oaks, gap fraction, and the topographic variables. We added a 
RAC term to this model, standardized continuous predictors, and veri-
fied residual structure in the same manner as the sapling abundance 
models. 

3. Results 

3.1. Spatial analyses 

Cumulative nearest neighbor analyses of turkey oak and longleaf 
pine indicate that both turkey oak and longleaf pine saplings have 
nearest neighbor distances greater than expected around longleaf pine 
trees (Fig. 4 A&B) suggesting limitations on regeneration establishment. 
Conversely, longleaf pine saplings have distances that are closer to 
turkey oak trees that are closer than expected up to a distance around 9 
m between the saplings and trees (Fig. 4 C) suggesting some mechanism 
promoting their regeneration. Turkey oak saplings are slightly above the 
null expectation out to ~5 m (and thus have slightly closer distances to 
neighboring turkey oak trees than expected) and then become more 
distant than expected by random chance from turkey oak trees around 8 
m (Fig. 4D). 

The bivariate point pattern analysis with the inhomogeneous pair 
correlation function indicates both longleaf pine and turkey oak saplings 
had a dispersed arrangement around longleaf pine trees meaning that it 
is unlikely to find saplings of those two species near longleaf pine trees. 
In the understory, both longleaf pine and turkey oak saplings were 
distributed in areas near turkey oak trees and away from areas of high 
longleaf pine tree density (Fig. 5). Longleaf pine saplings were less dense 
than expected around longleaf pine trees out to 12 m (Fig. 5A), while 
turkey oak saplings we less dense than expected around longleaf pine 
trees out to 10 m (Fig. 5B). Conversely, both longleaf pine and turkey 
oak saplings were more clustered than expected around turkey oak trees 
than expected (Fig. 5C & D) suggesting some mechanism promoting 

regeneration near turkey oak trees. 

3.2. Sapling response to canopy composition 

Longleaf pine dominated approximately 72% of the study area 
(Fig. 6). Turkey oaks, which tended to aggregate in areas away from 
high longleaf pine densities, dominated the remaining portion of the plot 
(Fig. 6). The mean height of the canopy was 6.7 m with a maximum 
height of 24.7 m (Fig. 7). Gap fraction at the OSFDP varied from 
0 (closed canopy) to 0.99 (open canopy), with a mean of 0.46 (Fig. 7). 
Within our subplots (10 × 10 m), longleaf pine and turkey oak sapling 
counts varied from 0 to 14 and 0 to 17, respectively. The total plot 
density was 0.0038 saplings/m2 for longleaf pines and 0.0035 saplings/ 
m2 for turkey oaks (Fig. 6). 

3.3. Regression analyses 

In agreement with the results from our spatial analyses, we found a 
significant negative association between longleaf pine tree basal area 
and saplings counts of both species (Fig. 8). Turkey oak basal area was 
positively related to sapling abundance of both species, but the effect 
was only significant for longleaf pine saplings. The effect of increasing 
gap fraction on sapling density was positive for both species, and again 
significantly so for longleaf pine saplings. None of the topography var-
iables had significant relations with sapling density. 

The mean Shannon Index value for understory woody species (i.e., 
stems ≤ 5 cm DBH at the 10 m scale) was 0.314. More diverse un-
derstories occurred in plots of low longleaf pine basal area and high 
turkey oak density (Fig. 9). Additionally, more woody species diversity 
occurred in areas of lower canopy openness. As with our findings about 
sapling abundance, topography did not significantly affect woody spe-
cies diversity in the understory. 

4. Discussion 

Due to high plant diversity and importance of associated ecosystem 
functions, considerable effort has been made to understand the dy-
namics and trajectory of longleaf pine forests (Platt et al., 1988; Van Lear 
et al., 2005; Jose et al., 2006; Samuelson et al., 2017; Hanberry et al., 
2018). Failure of longleaf pines to naturally regenerate has caused 
further concern about the long-term viability of remnant populations 
(Croker, 1987; Brockway et al., 2006). Evaluating mechanisms which 
historically impacted longleaf forests, such as fire regime, may be the 
key to successful restoration and species conservation for longleaf pine 
systems (Holland et al., 2019). The result of these mechanisms emerges 
as the spatial structure of regeneration in the forest community. 

We hypothesized that the dominant species, longleaf pine and turkey 
oak, would create different conditions that inhibit or promote tree 
regeneration. We found that sapling sized stems of both turkey oak and 
longleaf pine were found close to turkey oak trees and distant from 
longleaf pine trees. Both in the nearest neighbor spatial model and the 
pair-correlation function model, we found dispersion of saplings around 
longleaf pine trees and clustering of saplings around turkey oak trees. 
While these results describe the spatial arrangements of saplings in 
relation to longleaf pine and turkey oak distribution, we cannot deter-
mine the specific factors such as nutrient availability, soil moisture, and 
temperature that cause these patterns (Palik et al., 2003). Intraspecific 
competition in longleaf pine communities has been shown to be greater 
than interspecific competition (Shappell and Koontz, 2015), which is 
likely mediated through variation in litter composition driving fire 
behavior (Bigelow and Whelan, 2019). Leaf litter make up a large pro-
portion of the fine fuels that drive fire behavior and can even accumulate 
to the point of causing large tree death if an area does not burn for many 
years and thick duff accumulates (Varner et al., 2005). The accumula-
tion of leaf litter might also limit germination in intervals between fires 
(Rodríguez-Calcerrada et al. 2011). 

Table 3 
Moran’s index and p-values for initial GLMs and updated GLMs containing a 
residual autocovariate term. Significance of Moran’s index value and presences 
of spatial correlation determined by comparing observed and expected Moran’s 
index values.   

Initial GLM GLM with RAC 

Model response Moran’s I 
value 

p-value Moran’s I 
value 

p- 
value 

longleaf pine saplings  0.08 < 0.001 − 0.02  0.99 
turkey oak saplings  0.18 < 0.001 − 0.01  0.89 
woody species 

diversity  
0.07 < 0.001 − 0.03  0.99  
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Further, we asked whether the canopy openness, basal area of the 
dominant species or topographic variables predict sapling abundance. 
Higher longleaf pine tree densities and basal areas negatively related to 
longleaf pine sapling abundance. This pattern has been observed in 
other longleaf pine forests (Boyer, 1993; Grace and Platt, 1995; Palik 
et al., 1997; Brockway and Outcalt, 1998; McGuire et al., 2001; Shappell 
and Koontz, 2015). Although seeds are distributed near parent trees in 
typical dispersal kernels (Croker and Boyer, 1975), intraspecific 
competition as well as high fire intensity can create an exclusionary zone 
that prevents regeneration (Grace and Platt, 1995; Palik et al., 1997; 
Brockway and Outcalt, 1998; Gagnon et al., 2003; 2004). The positive 
relationship between turkey oak tree basal area and longleaf pine 
sapling abundance, after accounting for longleaf basal area, suggests 
facilitation. Although both turkey oak and longleaf pine saplings may 
co-occupy areas away from longleaf pine trees due to direct competition 
with longleaf pine trees, evidence is accumulating that pyrophytic oaks, 
such as turkey oak, enhance longleaf pine seedling survival and regen-
eration (Loudermilk et al., 2016). Soil moisture retention could act as 

the facilitative mechanism between turkey oak trees and longleaf pine 
recruits versus canopy gaps (Loudermilk et al., 2016). Increased water 
availability has been shown to enhance both woody species and her-
baceous diversity in xeric longleaf pine forests (Rodrıǵuez-Trejo et al., 
2003; Kirkman et al., 2016). We also found higher abundances of 
longleaf saplings in more open environments, indicating higher light 
availability and/or less competition for belowground resources enhance 
longleaf recruitment. Jose et al (2003) suggests that longleaf pine 
seedlings can only take advantage of higher light when water is not 
limiting, which would support that reduction in belowground compe-
tition in more open areas is important, though we did not quantify 
herbaceous cover which limits in our inference in that regard. Turkey 
oak saplings also inhabited areas away from high longleaf pine density 
and basal area, but had less clear relationship with turkey oak density 
and basal area. Higher fire intensity caused by the accumulation of 
needles under longleaf pines could prevent turkey oak regeneration in a 
distance dependent manner (Bigelow and Whelan, 2019). The time of 
year when prescribed burning occurs is an important factor in post-fire 

Fig. 4. Cumulative nearest neighbor functions (Gcross) for saplings to trees for turkey oak (deciduous tree outline) and longleaf pine (evergreen tree outline). Pine 
saplings to pine trees (A), oak saplings to pine trees (B), pine saplings to oak trees (C), and oak saplings to oak trees (D). Solid line represents the observed nearest 
neighbor function, and the dashed line is the null model and the grey zone around the dashed line is the 95% confidence envelope. Observed values (solid lines) 
below null and 95% confidence envelope (grey zone and dashed line) indicate ‘repulsion’ and above ‘overdispersion’. 
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oak recovery, where a fire during early growing season could severely 
impact its growth compared to prescribed burns in other seasons (Glit-
zenstein et al., 1995). Interspecific belowground competition with 
longleaf pines can also prevent regeneration of oak species (McGuire 
et al., 2001; Pecot et al., 2007). In our study, saplings of turkey oaks 
clustered near turkey oak trees, but the estimate of the modeled rela-
tionship between turkey oak basal area relation and oak sapling abun-
dance was not statistically significant. This could be partly a spatial 
artifact based on our delineation of saplings into 100 m2 plots. However, 
cumulative nearest neighbor distances between oak trees and saplings 
(Fig. 4) were close to expected values under complete spatial random-
ness. Turkey oak can produce regeneration via clonal sprouting up to 10 
m from the parent tree (Berg and Hamrick 1994) and smaller saplings 
are frequently top-killed in fires (Bigelow and Whelan, 2019) but often 
resprout after top-kill (Berg and Hamrick 1994). We are not able to 
distinguish genetic individuals in this analysis which may contribute to 
the clustering of turkey oak saplings near turkey oak trees, but fire 

intensity and competition may also be shaping the spatial patterns of 
saplings. 

Understory light availability, as defined by gap fraction, had a pos-
itive effect on longleaf pine regeneration. Longleaf pine, a light 
demanding species, often colonizes canopy gaps away from other 
longleaf pine trees (Wahlenberg, 1946; Boyer, 1993; Brockway and 
Outcalt, 1998). The negative effect of pine canopy basal area in our GLM 
matched those of our spatial analyses, even after incorporating envi-
ronmental predictors, indicating our results are not a product of un-
derlying variability in the habitat variables we measured. The effect of 
pine basal area is more likely due to interactions among two coexisting 
species and the dominant disturbance regime. However, we cannot rule 
out the pattern is dependent on unmeasured habitat variability. Poten-
tial facilitation with oak trees or at least weaker interspecific competi-
tion with turkey oak trees likely led to more successful longleaf pine 
regeneration (Loudermilk et al., 2016) as well as greater overall un-
derstory woody species diversity near oak trees. Additionally, lower fire 

Fig. 5. Inhomogeneous bivariate pair correlation function results comparing trees and saplings of longleaf pine and turkey oak. The solid black line shows the 
smoothed observed point pattern intensity, and the grey zone is the 95% confidence envelope. Observed values above the confidence envelope indicate greater 
clustering than expected from the null model, and values below the 95% confidence envelope indicate dispersion greater than expected by the null model. The null 
model includes 199 random shifts of the point pattern. A) Longleaf pine trees to longleaf pine saplings. B) Longleaf pine trees to turkey oak saplings. C) Turkey oak 
trees to longleaf pine saplings. D) Turkey oak trees to turkey oak saplings. The legend follows Fig. 4. 
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Fig. 6. Densities of dominant species as trees and saplings. Basal area of longleaf pines (Pinus palustris (PIPA); top left) and turkey oaks (Quercus laevis (QULA); top 
right). Sapling density (≤5 cm DBH) of longleaf pines (Pinus palustris (PIPA); bottom left) and turkey oaks (Quercus laevis (QULA); bottom right). 

Fig. 7. Canopy height models and metrics at OSBS, June 2019. One half meter resolution canopy height model derived from lidar point cloud (left). Gap fraction 
defined as the ratio of first returns below specified threshold which is used in the regression analysis (right) (Bouvier et al., 2015). 
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intensities under oak canopies and in canopy gaps could lead to seedling 
establishment, survival, and growth in these locations from lower 
mortality from fire (Rebertus et al., 1989; Robertson et al., 2019). 

To explore the species diversity implications of canopy tree species in 
this forest, we asked if areas dominated by pine or oak have different 
woody plant community diversity. We found significant differences in 

woody species diversity between areas dominated by pine or oak. Our 
linear model analyzing understory woody species diversity provides 
further evidence regarding the influence of canopy species identity on 
tree regeneration. Environmental heterogeneity has also been docu-
mented as an important driver of understory herbaceous diversity in 
longleaf pine systems (Palmquist et al., 2015). We did observe a negative 
effect of light availability on diversity, which is contrary to our sapling 
abundance models. We assume that lower diversity in high light areas 
could be driven by soil moisture availability and herbaceous species 
competition. Our mean gap fraction aligned with canopy openness 
values of other longleaf pine forests considered to be in “restoration” or 
“reference” condition (Battaglia et al., 2003; Dell et al., 2017), and the 
positive association with longleaf pine sapling abundance is consistent 
with light requirements of juvenile longleaf pine. However, other sig-
nificant habitat (i.e., topographic) effects were not observed. 

Our study analyzed spatial patterns at a single point in time. While 
our results suggest canopy composition and canopy openness as key 
drivers of recruitment patterns, other processes likely contributed to 
regeneration and diversity patterns at the OSFDP, as a snapshot cannot 
definitively determine mechanism but only point towards probable 
mechanisms. For example, herbivory from white-tailed deer (Odocoileus 
virginianus; Kroeger et al., 2020) and feral hogs (Sus scrofa; Lipscomb, 
1989) could affect spatial arrangements of sapling abundance and di-
versity. In future studies, we hope to account for other underlying var-
iables (e.g., soil moisture, wildlife pressure) as well as the frequency, 
timing, and intensity of fire. Additionally, we intend to investigate the 
interactions with the herbaceous community and what effect in-
teractions with the diverse understory may play in woody species 
establishment as wiregrass density can influence fire behavior (Bigelow 
and Whelan 2019). Understanding how these variables influence long-
leaf pine ecosystem dynamics could help improve management efforts to 
restore this forest type. 

Restoration efforts of longleaf pine ecosystems emphasize capturing 
ecosystem dynamics and functions from the past (Hobbs and Harris 
2001). For longleaf pine ecosystems, this primarily involves prescribing 

Fig. 8. Coefficient estimates from regression model with 95% confidence in-
tervals for predictors of longleaf pine (left) and turkey oak (right) sapling 
counts. Filled circles indicate significant predictors at p < 0.05. 

Fig. 9. Understory woody species diversity of OSFDP in 100 m2 quadrants and results from model predicting diversity. Heat map showing Shannon index values for 
each quadrant (left). Regression model results with Shannon index as the response variable (right). Filled circles indicate significant predictors at p < 0.05. 
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fire periodically to match historical frequencies. Prescribed fire was 
introduced as a restoration measure to the OSFDP in 2003, after 37 years 
of being unburnt (Varner et al., 2009; Slack et al., 2016). Disturbance by 
fire and gap formation, which result in temporary increases in resources 
necessary for tree regeneration and recruitment, are the most dominant 
ecological process in longleaf pine communities, including OSFDP 
(Hiers et al., 2007). However, we observed community patterns indic-
ative of species coexistence processes that have been intensely studied in 
other forest types. Management strategies should consider these addi-
tional processes, particularly the role of turkey oaks in facilitating 
longleaf regeneration and woody species diversity while designing 
management plans that focus on restoring longleaf pine. 

5. Conclusion 

Past work has shown that longleaf pine forests depend on fire fre-
quency to maintain their dominance. In fire dependent ecosystems, 
secondary mechanisms such as species interactions also contribute to 
the composition and spatial structure of longleaf forests. The spatial 
patterns of longleaf pine and turkey oak saplings at the OSFDP are 
consistent with longleaf pine trees in dense patches creating exclu-
sionary zones potentially through direct competition, increasing fuel 
loads, and limiting bare mineral soil. The positive influence of turkey 
oak trees on longleaf pine sapling abundance suggests indirect or direct 
facilitation leading to an integrated coexistence relationship between 
two dominant species in sandhill forests. Restoration efforts should 
consider this potential role of coexisting oak species in management 
planning. 
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Atinç, P., Kutalmiş, G., Halil, E., 2017. Evaluating repeatability of RTK GPS/GLONASS 
near/under forest environment. Croatian J. Forest Eng. 31, 23–33. 

Baddeley, A., Rubak, E., Turner, R., 2015. Spatial Point Patterns: Methodology and 
Applications with R. Chapman and Hall/CRC Press, London.  

Battaglia, M. A., Mitchell, R. J., Mou, P. P., Pecot, Stephen, D., 2003. Light transmittance 
estimates in a longleaf pine woodland. Forest Science 49, 752–762. 

Berg, E.E., Hamrick, J.L., 1994. Spatial and genetic structure of two sandhills oaks: 
Quercus laevis and Quercus margaretta (Fagaceae). Am. J. Bot. 81, 7–14. 

Bigelow, S.W., Whelan, A.W., 2019. Longleaf pine proximity effects on air temperatures 
and hardwood top-kill from prescribed fire. Fire Ecology 15, 27. 

Bouvier, M., Durrieu, S., Fournier, R.A., Renaud, J., 2015. Remote sensing of 
environment generalizing predictive models of forest inventory attributes using an 
area-based approach with airborne LiDAR data. Remote Sens. Environ. 156, 
322–334. 

Boyer, W.D., White, J.B., 1990. Natural regeneration of longleaf pine. In Management of 
Longleaf Pine, ed. R.M. Farrar, 94–113. USDA Forest Service, Southern Forest 
Experiment Station, General Technical Report SO–75, New Orleans, LA. 

Boyer, W.D., 1993. Long-term development of regeneration under longleaf pine seedtree 
and shelterwood stands. South J. Appl. For. 17, 10–15. 

Brockway, D.G., Outcalt, K.W., 1998. Gap-phase regeneration in longleaf pine wiregrass 
ecosystems. For. Ecol. Manage. 106, 125–139. 

Brockway, D.G., Outcalt, K.W., Boyer, W.D., 2006. Longleaf pine regeneration ecology 
and methods. In: Shibu, J., Jokela, E.J., Miller, D.L. (Eds.), The longleaf pine 
ecosystem: ecology, silviculture, and restoration. Springer, New York, pp. 95–133. 

Chesson, P., 2000. Mechanisms of maintenance of species diversity. Annu. Rev. Ecol. 
Syst. 31, 343–366. 

Cliff, A.D., Ord, J.K., 1981. Spatial processes: models and applications. Pion, London.  
Condit, R., 1998. Tropical forest census plots: methods and results from Barro Colorado 

Island. Panama and a comparison with other plots, Springer, New York.  
Crase, B., Liedloff, A.C., Wintle, B.A., 2012. A new method for dealing with residual 

spatial autocorrelation in species distribution models. Ecography 35, 879–888. 
Croker, T.C. 1987. Longleaf pine: A history of man and a forest. USDA Forest Service, 

Southern Region, Forestry Report R8–FR7, Atlanta, GA. 
Croker, T.C., Boyer, W.D., 1975. Regenerating longleaf pine naturally. Research Paper 

SO-105. US Department of Agriculture Forest Service, Southern Forest Experiment 
Station, New Orleans, Louisiana. 

Davies, S.J., et al., 2021. ForestGEO: Understanding forest diversity and dynamics 
through a global observatory network. Biol. Conserv. 253, 108907. 

Dell, J. E., Richards, L. A., O’Brien, J. J., Loudermilk, E. L., Hudak, A. T., Pokswinski, S. 
M., Bright, Benjamin, C., Hiers, K. J., Williams, B. W., Dyer, L. A., 2017. Overstory- 
derived surface fuels mediate plant species diversity in frequently burned longleaf 
pine forests. Ecosphere 8. 

Fahey, R. T., Alveshere, B. C., Burton, J. I., D’Amato, A. W., Dickinson, Y. L., Keeton, W. 
S., Kern, C. C., Larson, A. J., Palik, B. J., Puettmann, K. J., Saunders, M. R., Webster, 
C. R., Atkins, J. W., Gough, C. M., Hardiman, B.S., 2018. Shifting conceptions of 
complexity in forest management and silviculture. Special issue on Linking basic and 
applied research in North American forest ecosystems – the 11th North American 
Forest Ecology Workshop 421:59–71. 

Frost, C.C. 1993. Four centuries of changing landscape patterns in the longleaf pine 
ecosystem. In: Hermann, S.M., editor. Proceedings of the Tall Timbers Fire Ecology 
Conference. No. 18. The Longleaf Pine Ecosystem: ecology, restoration, and 
management. Tall Timbers Research Station, Tallahassee, Florida, pp. 17–45. 

Frost, C., 2006. History and future of the longleaf pine ecosystem. In: Jose, S., Jokela, E. 
J., Miller, D.L. (Eds.), Longleaf pine ecosystems: ecology, management, and 
restoration. Springer, New York, New York, USA, pp. 297–326. 

Gagnon, J.L., Jokela, E.J., Moser, W.K., Huber, D.A., 2003. Dynamics of artificial 
regeneration in gaps within a longleaf pine flatwoods ecosystem. For. Ecol. Manage. 
172, 133–144. 

Gagnon, J.L., Jokela, E.J., Moser, W.K., Huber, D.A., 2004. Characteristics of gaps and 
natural regeneration in mature longleaf pine flatwoods ecosystems. For. Ecol. 
Manage. 187, 373–380. 

Getzin, S., Wiegand, T., Wiegand, K., He, F., 2008. Heterogeneity influences spatial 
patterns and demographics in forest stands. J. Ecol. 96, 495–504. 

Givnish, T.J., 1999. On the causes of gradients in tropical tree diversity. J. Ecol. 87, 
193–210. 

Glitzenstein, J.S., Platt, W.J., Streng, D.R., 1995. Effects of fire regime and habitat on tree 
dynamics in north Florida longleaf pine savannas. Ecol. Monogr. 65, 441–476. 

Glitzenstein, J.S., Streng, D.R., Wade, D.D., 2003. Fire frequency effects on longleaf pine 
(Pinus palustris, P. Miller) vegetation in South Carolina and northeast Florida, USA. 
Natural Areas Journal 23, 22–37. 

Grace, S.L., Platt, W.J., 1995. Effects of adult tree density and fire on the demography of 
pregrass stage juvenile longleaf pine (Pinus palustris Mill.). J. Ecol. 83 (1), 75–86. 

Gravel, D., Guichard, F., Hochberg, M.E., 2011. Species coexistence in a variable world. 
Ecol. Lett. 14, 828–839. 

Hanberry, B.B., Coursey, K., Kush, J.S., 2018. Structure and composition of historical 
longleaf pine ecosystems in Mississippi, USA. Human Ecology 46, 241–248. 

Hardin, E.D., White, D.L., 1989. Rare vascular plant taxa associated with wiregrass 
(Aristida stricta) in the Southeastern United States. Natural Areas Journal 9, 
234–245. 

Hiers, J.K., O’Brien, J.J., Will, R.E., Mitchell, R.J., 2007. Forest floor depth mediates 
understory vigor in xeric Pinus palustris ecosystems. Ecol. Appl. 17, 806–814. 

Hiers, K.J., Walters, J.R., Mitchell, R.J., Varner, M.J., Conner, M.L., Blanc, L.A., 
Stowe, J., 2014. Ecological value of retaining pyrophytic oaks in longleaf pine 
ecosystems. J. Wildl. Manage. 78, 383–393. 

Hobbs, R.J., Harris, J.A., 2001. Restoration ecology: repairing the earth’s ecosystems in 
the new millennium. Restor. Ecol. 9, 239–246. 

Holland, A.M., Rutledge, B.T., Jack, S.B., Stober, J.M., 2019. The longleaf pine forest: 
Long-term monitoring and restoration of a management dependent ecosystem. 
J. Nat. Conserv. 47, 38–50. 

D.J. Johnson et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0378-1127(21)00171-7/h0005
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0005
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0010
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0010
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0015
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0015
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0020
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0020
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0025
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0025
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0035
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0035
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0040
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0040
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0045
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0045
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0045
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0045
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0055
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0055
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0065
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0065
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0070
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0070
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0070
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0075
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0075
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0080
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0085
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0085
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0090
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0090
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0105
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0105
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0125
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0125
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0125
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0130
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0130
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0130
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0135
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0135
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0135
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0140
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0140
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0145
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0145
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0150
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0150
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0155
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0155
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0155
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0160
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0160
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0165
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0165
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0170
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0170
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0175
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0175
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0175
http://refhub.elsevier.com/S0378-1127(21)00171-7/h9000
http://refhub.elsevier.com/S0378-1127(21)00171-7/h9000
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0180
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0180
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0180
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0185
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0185
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0190
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0190
http://refhub.elsevier.com/S0378-1127(21)00171-7/h0190


Forest Ecology and Management 490 (2021) 119082

12

Hopkinson, C., Lovell, J., Chasmer, L., Jupp, D., Kljun, N., van Gorsel, E., 2013. 
Integrating terrestrial and airborne lidar to calibrate a 3D canopy model of effective 
leaf area index. Remote Sens. Environ. 136, 301–314. 

Hubbell, S.P., 2001. The Unified Neutral Theory of Biodiversity and Biogeography. 
Princeton University Press, Princeton, NJ.  

Jose, S., Jokela, E.J., Miller, D.L., 2006. The longleaf pine ecosystem: An overview. In: 
Jose, S., Jokela, E.J., Miller, D.L. (Eds.), The longleaf pine ecosystem. Springer, New 
York, New York, NY, pp. 3–8. 

Jose, S., Merritt, S., Ramsey, C.L., 2003. Growth, nutrition, photosynthesis and 
transpiration responses of longleaf pine seedlings to light, water and nitrogen. For. 
Ecol. Manage. 180, 335–344. 

Kirkman, L.K., Giencke, L.M., Taylor, R.S., Boring, L.R., Staudhammer, C.L., Mithcell, R. 
J., 2016. Productivity and species richness in longleaf pine woodlands: disturbance 
influences across an edaphic gradient. Ecology 97, 2259–2271. 

Kleinman, J.S., Goode, J.D., Hart, J.L., Dey, D.C., 2020. Prescribed fire effects on Pinus 
palustris woodland development after catastrophic wind disturbance and salvage 
logging. For. Ecol. Manage. 468, 118173. 

Knapp, B.O., Pile, L.S., Walker, J.L., Wang, G.G., 2018. Fire effects on a fire-adapted 
species: response of grass stage longleaf pine seedlings to experimental burning. Fire 
Ecol. 14, 1–16. 

Kroeger, A. J. (Tony), Moorman, C. E., Lashley, M. A., Chitwood, M. C., Harper, C. A., & 
Deperno, C. S. (2020). Forest Ecology and Management White-tailed deer use of 
overstory hardwoods in longleaf pine woodlands. Forest Ecology and Management 
464, 118046. 

Levine, J., Bascompte, J., Adler, P.B., Allesina, S., 2017. Beyond pairwise mechanisms of 
species coexistence in complex communities. Nature 546, 56–64. 

Lindén, A., Mäntyniemi, S., 2011. Using the negative binomial distribution to model 
overdispersion in ecological count data. Ecology 92, 1414–1421. 

Lipscomb, D.J., 1989. Impacts of feral hogs on longleaf pine regeneration. South J Appl 
For 13, 177–181. 

Loudermilk, E.L., Cropper. W. P. Jr., Mitchell, R.J., Lee, H., 2011. Longleaf pine (Pinus 
palustris) and hardwood dynamics in a fire-maintained ecosystem : A simulation 
approach. Ecological Modelling 222, 2733–2750. 

Loudermilk, E. Louise, Hiers, J.K., Pokswinski, S., O’Brien, J.J., Barnett, A., Mitchell, R. 
J., 2016. The path back : oaks (Quercus spp.) facilitate longleaf pine (Pinus palustris) 
seedling establishment in xeric sites. Ecosphere 7, 1–14. 

Mattoon, W. R. 1922. Longleaf pine. United States Department of Agriculture Bulletin 
1061. 

McGuire, J.P., Mitchell, R.J., Moser, E.B., Pecot, S.D., Gjerstad, D.H., Hedman, C.W., 
2001. Gaps in a gappy forest: Plant resources, longleaf pine regeneration, and 
understory response to tree removal in longleaf pine savannas. Can. J. For. Res. 31, 
765–778. 

Mitchell, R.J., Hiers, J.K., O’Brien, J., 2009. Ecological forestry in the Southeast : 
understanding the ecology of fuels. J. Forest. 107, 391–397. 
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