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a b s t r a c t

Historical land use and management practices in the southeastern United States have resulted in the
dominance of loblolly pine (Pinus taeda L.) on many upland sites that historically were occupied by long-
leaf pine (Pinus palustris Mill.). There is currently much interest in restoring high quality longleaf pine
habitats to such areas, but managers may also desire the retention of some existing canopy trees to meet
current conservation objectives. However, fast-growing natural loblolly pine regeneration may threaten
the success of artificially regenerated longleaf pine seedlings. We evaluated the establishment and
growth of natural loblolly pine regeneration following different levels of timber harvest using single-tree
selection (Control (uncut, residual basal area �16 m2/ha), MedBA (residual basal area of �9 m2/ha), Low-
BA (residual basal area of �6 m2/ha), and Clearcut (complete canopy removal)) and to different positions
within canopy gaps (approximately 2800 m2) created by patch cutting at two ecologically distinct sites
within the longleaf pine range: Fort Benning, GA in the Middle Coastal Plain and Camp Lejeune, NC in
the Lower Coastal Plain. The density of loblolly pine seedlings was much higher at Camp Lejeune than
at Fort Benning at the end of the first growing season after harvesting. Following two growing seasons,
there were no significant effects of canopy density or gap position on the density of loblolly pine seed-
lings at either site, but loblolly pine seedlings were taller on treatments with greater canopy removal.
Prescribed fires applied following the second growing season killed 70.6% of loblolly pine seedlings at
Fort Benning and 64.3% of seedlings at Camp Lejeune. Loblolly pine seedlings were generally less than
2 m tall, and completeness of the prescribed burns appeared more important for determining seedling
survival than seedling size. Silvicultural treatments that include canopy removal, such as patch cutting
or clearcuts, will increase loblolly pine seedling growth and shorten the window of opportunity for con-
trol with prescribed fire. Therefore, application of prescribed fire every 2–3 years will be critical for con-
trol of loblolly pine regeneration during restoration of longleaf pine in existing loblolly pine stands.

� 2011 Published by Elsevier B.V.

1. Introduction

Throughout the southeastern US, many sites dominated by
longleaf pine (Pinus palustris Mill.) prior to European settlement
have been converted to loblolly pine (Pinus taeda L.) through his-
torical land use and past management practices (Frost, 1993;
Schultz, 1999). The ecological significance of the longleaf pine eco-
system has been widely documented (e.g. Van Lear et al., 2005;
Jose et al., 2006), with characteristically high levels of floral diver-
sity (Walker and Peet, 1983; Kirkman et al., 2001) and many faunal
species dependent on specific habitat conditions provided by the
ecosystem (Engstrom, 1993; Guyer and Bailey, 1993; Means,
2006). For example, the federally endangered red-cockaded wood-
pecker (RCW; Picoides borealis) prefers longleaf pine stands for
nesting and foraging habitat but will utilize other southern pines

in the absence of longleaf pine (USFWS, 2003). Managers interested
in providing high quality habitat for RCW populations, or meeting
other ecological objectives, require information for converting
existing loblolly pine stands to longleaf pine forests.

Longleaf pine regeneration grows more slowly than that of
other southern pine species, with the majority of seedling growth
allocated to the root system during the species’ characteristic grass
stage. Seedlings have a low tolerance of competition, and longleaf
pine seedling growth has been shown to increase exponentially
following canopy removal (Palik et al., 1997, 2003). Although stand
conversion can be achieved by clearcutting the existing stand and
artificially regenerating longleaf pine (Boyer, 1988; Brockway et al.,
2006; Knapp et al., 2006), the retention of existing canopy pines
may provide desirable ecosystem services during the regeneration
period (Mitchell et al., 2006; Kirkman et al., 2007). Needlefall from
canopy pines is an important fuel source for the frequent surface
fire regime that is considered to be the most important ecological
process for sustaining the longleaf pine ecosystem (Peet and Allard,

0378-1127/$ - see front matter � 2011 Published by Elsevier B.V.
doi:10.1016/j.foreco.2011.05.044

⇑ Corresponding author. Tel.: +1 864 656 4864; fax: +1 864 656 3304.
E-mail address: gwang@clemson.edu (G.G. Wang).

Forest Ecology and Management 262 (2011) 1157–1167

Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier .com/locate / foreco



Author's personal copy

1993; Mitchell et al., 2006). Additionally, in pine stands that cur-
rently provide habitat for target species such as the RCW, retaining
canopy trees may be necessary for providing continuous habitat
until longleaf pine regeneration reaches critical habitat size. As a
result, there has been increased interest in group selection silvicul-
tural systems, where harvesting is used to create a patchwork of
canopy gaps that are surrounded by a matrix of existing trees
(Brockway and Outcalt, 1998; McGuire et al., 2001; Palik et al.,
2002; Gagnon et al., 2003), or in single-tree selection techniques
that reduce canopy basal area uniformly throughout the stand
(McGuire et al., 2001; Pecot et al., 2007). The choice of silvicultural
options for longleaf pine regeneration depends not only on the
characteristics of longleaf pine seedlings but also on site condi-
tions, current stand structure, and overall management objectives.

Restoring longleaf pine to loblolly pine stands presents unique
challenges that have not been addressed by previous research fo-
cused on regeneration dynamics within existing longleaf pine
stands. The silvical characteristics of loblolly pine make it an easier
species to regenerate than longleaf pine, a fact that has contributed
to the current dominance of loblolly pine throughout the south-
eastern US (Schultz, 1999). Natural loblolly pine regeneration can
be successfully achieved using various even-aged silvicultural
methods, including shelterwood, seed-tree, and clearcut tech-
niques (Langdon, 1981). Good seed crops are typically produced
every 3–6 years (Baker and Langdon, 1990; Shelton and Cain,
2000), and the large trees likely to be retained for ecological value
are also the most prolific seed producers (Schultz, 1997). Large
seed crops can range from 200,000 seeds/ha to over
2000,000 seeds/ha, while marginal to poor seed crops are generally
considered to be less than 100,000 seeds/ha (Baker and Langdon,
1990; Shelton and Cain, 2000). Seed-to-seedling ratios depend on
site and climatic conditions but have been reported to be as low
as 5:1 (Cain, 1986), suggesting that even a ‘poor’ seed crop can re-
sult in abundant loblolly pine regeneration during longleaf pine
restoration.

In addition to partial or whole canopy removal, longleaf pine
restoration in stands with significant midstory or undesirable
understory species often requires chemical or mechanical site
preparation (Boyer, 1988; Knapp et al., 2006), and prescribed burn-
ing is a standard practice prior to planting container grown long-
leaf pine seedlings. Natural loblolly pine seedling establishment
increases following soil disturbances caused by logging, and pre-
scribed fire further improves the seedbed by increasing exposure
of mineral soil (Cain, 1987; Schultz, 1997). Additional treatments
designed to benefit longleaf pine through competition reduction
are likewise expected to increase growth of loblolly pine volun-
teers (Haywood, 1986; Wittwer et al., 1986; Bacon and Zedaker,
1987; Miller et al., 1991) and may heighten the risk of site domi-
nance by fast-growing loblolly pine regeneration before longleaf
pine seedlings can emerge from the grass stage. Therefore, effective
control of loblolly pine regeneration is critical to the success of
restoring longleaf pine in loblolly pine stands.

Prescribed fire is the primary tool land managers can use to
control loblolly pine regeneration during the first few years after
planting longleaf pine. Loblolly pines less than 2.5 m tall with
ground line diameters less than 5 cm experience high levels of
mortality when exposed to surface fires (Cain, 1985, 1993), while
longleaf pine seedlings are considered tolerant of fire throughout
the majority of the grass stage (Boyer, 1990). However, the effec-
tiveness of prescribed fire for controlling loblolly pine seedlings
may be quite variable, depending on the continuity of fire behavior.
Artificially regenerated longleaf pine stands are typically burned
within two or three years after planting, and it is critical that early
prescribed fires effectively minimize loblolly pine competition.

This study was designed to test how loblolly pine regeneration
is affected by silvicultural treatments prescribed to restore longleaf

pine to existing loblolly pine stands while retaining canopy trees
for ecological benefit. Prescribed fires were applied to the study
sites following the second growing season after planting longleaf
pine seedlings, and loblolly pine mortality was monitored. We
hypothesize that: H1) loblolly pine seedling density in the first
year following management (logging and site preparation) would
be highest on treatments with light harvest because many seed
trees would remain and the logging disturbance would expose
mineral soil; H2) harvesting treatments that reduce competition
from overstory trees would result in increased growth of loblolly
pine seedlings; and H3) loblolly pine mortality following the pre-
scribed fires would be related positively to canopy density because
fallen needles would increase fine fuels and mortality is expected
to be higher for small seedlings (expected under denser canopies
in H2) than for large seedlings. This study was replicated at two
ecologically distinct locations within the longleaf pine range that
may differ in loblolly pine seed production and site quality.

2. Materials and methods

2.1. Study sites

This study was replicated at Fort Benning Military Installation
(�32.38� N, 84.88� W) in Chattahoochee and Muscogee Counties,
GA and Russell County, AL and Marine Corps Base Camp Lejeune
in Onslow County, NC (�34.68� N, 77.33� W). Fort Benning falls
within two ecological land units: the northeastern two thirds of
the installation are within the Sand Hills Subsection of the Lower
Coastal Plains and Flatwoods Section and the southwestern one
third of the installation is classified as the Upper Loam Hills Sub-
section within the Middle Coastal Plain Section (Bailey, 1995). Soils
of the Sand Hills have sandy surface horizons and loamy subsoil,
and those of the Upper Loam Hills tend to be finer textured and
more productive although they share the characteristics of being
low in organic matter and natural fertility. Common soil series of
the Sand Hills include Troup sandy loam (loamy, kaolinitic, thermic
Grossarenic Kandiudults), Wagram loamy sand (loamy, kaolinitic,
thermic Arenic Kandiudults) and Vaucluse loamy sand (fine-loamy,
kaolinitic, thermic Fragic Kanhapludults), and those of the Upper
Loam Hills include Maxton loamy sand (fine-loamy over sandy or
sandy-skeletal, siliceous, subactive, thermic Typic Hapludults)
and Wickham sandy loam (fine-loamy, mixed, semiactive, thermic
Typic Hapludults). The terrain at Fort Benning is predominately
rolling with elevation ranging from 58 to 225 m above sea level.
Mean annual precipitation at Fort Benning is 1230 mm with a
mean temperature of 18.4 �C.

Camp Lejeune is located in the Atlantic Coastal Flatlands Sec-
tion of the Outer Coastal Plains Mixed Forest Province (Bailey,
1995), and the topography is primarily flat, ranging from 7 to
21 m above sea level. Soils in study areas at Camp Lejeune were
primarily Norfolk loamy fine sand (fine-loamy, kaolinitic, thermic
Typic Kandiudults) and Baymeade fine sand (loamy, siliceous,
semiactive, thermic Arenic Hapludults) and are characterized by
low to moderate water holding capacity and low nutrient holding
capacity. The climate of Camp Lejeune is classified as warm humid
temperate, with average annual precipitation of 1420 mm and
mean annual temperature of 13 �C (MCBCL, 2006).

At both sites, study areas were selected from upland loblolly
pine stands that managers were interested in converting to long-
leaf pine, and stand characteristics are summarized in Table 1. In
all cases, stands were dominated almost exclusively by loblolly
pine. All Fort Benning sites had been burned within the last three
years, but prescribed fire had not been recently applied to the
Camp Lejeune study areas. As a result, Fort Benning study areas
had a relatively minor midstory component, with ground layer
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vegetation dominated by graminoids (e.g. Andropogon spp. and
Schizachyrium scoparium (Michx.) Nash) and herbaceous species
such as legumes (e.g. Desmodium spp., Lespedeza spp.) and compos-
ites (e.g. Eupatorium spp., Solidago spp.). Study areas at Camp Leje-
une had a developed midstory layer that included species such as
sweetgum (Liquidambar styraciflua L.), horse sugar (Symplocos tinc-
toria (L.) L’Hér), and redbay (Persea borbonia (L.) Spreng).

2.2. Experimental design and treatments

At each location, we used a randomized complete block design
with location (loblolly pine stand) as the block factor to test the ef-
fect of longleaf pine restoration management on natural loblolly
pine regeneration. Treatments included four levels of timber har-
vest in which residual canopy trees were distributed approxi-
mately uniformly within each plot: Control (uncut, residual basal
area �16 m2/ha), MedBA (single-tree selection to residual basal
area of �9 m2/ha), LowBA (single-tree selection to residual basal
area of �6 m2/ha), and Clearcut (complete canopy removal). Tim-
ber marking was completed by base forestry personnel using thin-
ning from below to favor the larger, vigorous trees. An additional
harvesting treatment used patch cutting to create a 2827 m2 can-
opy gap (60 m diameter), with at least 30 m of intact residual can-
opy surrounding each gap. Treatment plots were 100 � 100 m
(1 ha) with the exception of Clearcuts (141 � 141 m; 2 ha), and
harvesting treatments were replicated in six study blocks at Fort
Benning and three study blocks at Camp Lejeune. One Clearcut plot
was not measured at Camp Lejeune because site access was limited
by military training activities.

Harvesting was completed throughout 2007 and was followed
by site preparation prescribed for longleaf pine restoration by land
managers at each installation. At Fort Benning, a chemical applica-
tion of 2.34 l/ha imazapyr mixed with 2.24 kg/ha glyphosate was
broadcast in September to control competition from hardwood
species such as sweetgum and oaks (Quercus spp.), and the herbi-
cide treatment was followed by prescribed fire in November
2007. At Camp Lejeune, standing midstory and ground layer vege-
tation was mechanically removed with a Fecon� Bull Hog rotary
mower in July/August 2007, followed by prescribed burns in
November. Container-grown longleaf pine seedlings were hand
planted in January 2008. In the dormant season between the
2009 and 2010 growing seasons, corresponding to the winter be-
tween the second and third growing seasons for the planted long-
leaf pine seedlings, a prescribed burn was conducted in each study
block. Weather conditions during the prescribed burns are summa-
rized in Table 2.

2.3. Data collection

We randomly located twenty 1-m2 sampling quadrats in uni-
form treatment plots (Control, MedBA, LowBA, Clearcut) to quan-
tify initial establishment of loblolly pine seedlings following
timber harvest and site preparation. In each quadrat, we counted
the number of loblolly pine seedlings in May and September
2008, representing the start and the end of the first growing season
after treatment. Throughout this paper, the term ‘‘seedling’’ is used
to refer to any loblolly pine regeneration that established following
site preparation, regardless of size.

Loblolly seedling density and size were quantified again in May
2010, following the dormant season prescribed fires. In each uni-
form plot, we established one 20 � 20 m measurement area with
15 m sampling transects running from plot center to each corner
(n = 4 transects per plot). At the 4, 8, and 12 m distances along each
transect, we established one 1-m2 sampling quadrat and measured
the height of all loblolly pine seedlings >10 cm tall whose pith at
the groundline was within the quadrat. We chose the height
threshold of 10 cm because we were interested in assessing seed-
lings that had become established in previous years (prior to the
2010 prescribed burns), and field observation indicated that a
height of 10 cm effectively separated new germinants from estab-
lished seedlings. Each seedling was classified as living or dead, and
observed mortality was assumed to be fire-induced. At Fort Ben-
ning, many quadrats contained no loblolly pine seedlings, so to in-
crease the number of individuals sampled per plot, the sampling
area was expanded to a 2-m wide belt that was centered on, and
ran the length of, each transect. Additionally, we tallied the num-
ber of newly established seedlings (germinants) in each sampling
area.

In each gap plot, we established one transect extending from
gap center to 10 m into the forest (40 m total transect length) along
each cardinal direction (azimuths of 0�, 90�, 180�, and 270�). We
sampled loblolly pine regeneration at 10 m intervals along each
transect (positions are described by distance from the forest edge
to gap center: �10, 0, 10, 20, and 30 m). At each interval position,
three 1-m2 sampling quadrats (subsamples) were established
along the transect, with 30 cm between each quadrat (i.e. quadrats
centered at 8.7, 10, and 11.3 m were used to sample the 10 m posi-
tion along each transect). The height and mortality status of each
seedling >10 cm tall within each quadrat was recorded, as well
as the number of new germinants present. At Fort Benning, a 2-
m belt centered on each transect was sampled to supplement
low numbers of seedlings measured in each quadrat.

We quantified the area burned (%) in each uniform treatment
plot immediately following the prescribed burns. Evidence of

Table 1
Characteristics of study sites at Fort Benning and Camp Lejeune.

Site Block Stand Soil texture Soil moisture (%)

Age DBH (cm) Site index50 (m) Sand (%) Silt (%) Clay (%)

Fort Benning 1 40 27.6 24.9 71.8 13.9 14.3 14.7
2 47 32.8 23.5 73.2 11.9 14.9 14.6
3 49 33.5 21.0 88.1 6.6 5.3 12.8
4 52 32.3 24.3 88.9 5.8 5.3 4.8
5 45 31.6 27.4 68.0 13.0 19.0 19.6
6 48 25.8 88.5 6.4 5.1 8.3

Mean 47 30.6 24.2 79.7 9.6 10.7 12.5

Camp Lejeune 1 35 33.9 27.4 75.2 19.0 5.8 19.0
2 35 28.7 27.4 71.2 22.0 6.8 18.0
3 61 38.7 27.4 92.4 4.1 3.5 14.0

Mean 44 33.8 27.4 79.6 15.0 5.4 17.0

Note: Volumetric soil moisture at 6 cm depth was determined three times during the 2008 growing season (July, August, September) to provide general comparison of soil
conditions among blocks and sites.
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burning (char or consumed fuels) was recorded as either present or
absent at each meter point along each of the four transects (n = 60
points total per plot).

2.4. Data analysis

We calculated mean seedling density (number of seedlings/ha)
at the plot level in May and September 2008 and used mixed mod-
el analysis of variance (ANOVA) with a random block effect to test
for differences in initial density among the uniform canopy treat-
ments. Data collected following the prescribed fires of 2010 were
separated into two groups for analyses. Based on field observations
of fire behavior and effects, we assume that no loblolly pine seed-
lings were completely consumed by the low intensity surface fires.
Consequently, the combined dataset of live and dead seedlings rep-
resents regeneration demographics two growing seasons following
initial management activities (i.e. harvesting and site preparation).
For both the pre-fire dataset and the live seedlings remaining after
the fires, we calculated mean seedling height and density at the
plot level (using quadrat data at Camp Lejeune and transect data
at Fort Benning). The distribution of loblolly pine seedlings was
quantified as the percentage of quadrats sampled that contained
at least one loblolly pine seedling (frequency, n = 12 quadrats per
plot at each location). We tested effects of uniform canopy treat-
ments on response variables (seedling height, density, and fre-
quency) using plot level means with mixed model ANOVA and a
random block effect.

Data from the gap plots were analyzed to determine effects of
distance from canopy trees on loblolly pine seedling height and
density. At Fort Benning, seedling data collected along each 2-m
wide belt transect were grouped into the nearest 10 m interval po-
sition, and at Camp Lejeune the mean of the three sampled quad-
rats was calculated for each position. Initial analyses indicated no
effect of transect direction on any response variable, so data from
all four transects were pooled and effects of gap position on seed-
ling height and density were analyzed using mixed model ANOVA
with a random block effect.

We calculated the mortality rate from the prescribed fires as the
percentage of dead seedlings out of the total number of seedlings
counted at the plot level. The percent of the study area that burned
was calculated as the percentage of points with evidence of fire out
of the total number of points observed at the plot level. Relation-
ships between loblolly pine mortality and percent area burned
were tested with linear regression models. Uniform harvesting
treatment effects on area burned and on the number of germinants
established following prescribed fires (May 2010) were analyzed
using mixed model ANOVA with a random block effect. We tested
for differences between study sites for all response variables using
t-tests and site-level means, with data from uniform plots and data

from gap plots tested separately. All statistical analyses were con-
ducted with SAS statistical software (version 9.1; SAS Institute,
Inc., Cary, NC). Transformations were used when necessary to sat-
isfy assumptions of normality and constant variance, and we used
a = 0.05 to determine significant treatment effects.

3. Results

3.1. Initial seedling establishment following management

At Fort Benning, there was a significant effect of canopy treat-
ment on loblolly pine seedling density at the start of the first grow-
ing season after treatment (May 2008), and the Control plots had
more seedlings present than the Clearcut plots (Table 3). By the
end of the first growing season, however, seedling density had
dropped on all plots and there was no longer a treatment effect.
At Camp Lejeune, variability within treatments was high, and there
were no treatment effects on seedling density in May or September
2008. Seedling density was higher at Camp Lejeune than Fort Ben-
ning in May (t = 2.76, p = 0.0200), with mean densities of
94,489 seedlings/ha and 7784 seedlings/ha, respectively. Seedling
densities remained different between the study sites in September
(t = 3.88, p = 0.0031), with a mean density of 66,054 seedlings/ha at
Camp Lejeune and a mean density of 3901 seedlings/ha at Fort
Benning.

3.2. Loblolly pine regeneration density and height two years after
management (pre-fire)

After two growing seasons, the density of loblolly pine seedlings
>10 cm tall was not significantly affected by canopy density in uni-
form plots at Fort Benning or at Camp Lejeune (Table 4). Similar to
initial seedling establishment, mean seedling density at Camp Leje-
une (27,500 seedlings/ha) remained much higher than that at Fort
Benning (2010 seedlings/ha) (t = 3.05, p = 0.0122). Seedling fre-
quency was also higher at Camp Lejeune (mean of 58.0%) than at
Fort Benning (mean of 14.9%) (t = 5.55, p < 0.0001), with no effect
of canopy treatment at either site (Table 4). Seedling size following
two growing seasons was significantly affected by the canopy
treatments at Fort Benning (F = 12.24, p = 0.0003) and Camp Leje-
une (F = 8.8, p = 0.0193), with loblolly pine seedlings largest on
Clearcut plots (mean of 54.0 cm tall at Fort Benning and mean of
82.4 cm at Camp Lejeune) and smallest on the Control plots (mean
of 18.9 cm at Fort Benning and mean of 29.5 cm at Camp Lejeune;
Fig. 1A). Seedling size did not differ between the study sites
(t = 1.08, p = 0.2862).

In gap plots, the density of loblolly pine seedlings did not differ
with distance from forest edge at either location, although the

Table 2
Weather conditions from the 2010 dormant season prescribed fires at Fort Benning and Camp Lejeune. Data at Fort Benning were collected with a Kestrel 3000 Pocket Weather
Meter at the time of ignition; data from Camp Lejeune were acquired from the North Carolina Division of Forest Resources, Remote Automated Weather Station at the Sandy Run
station (34.61� N, 77.49� W).

Site Block Treatment Burn date Temperature
(�C)

Relative
Humidity (%)

Average wind
speed (km/h)

Maximum gust wind
speed (km/h)

Wind
direction

Fort Benning 1 All 7-Mar-2010 16.7 15 7.9 17.6 West
2 All 5-Apr-2010 26.9 44 3.2 4.7 Southwest
3 Clearcut 17-Feb-2010 7.8 49 14.4 28.8 West
3 LowBA, MedBA, Control, Gap 25-Feb-2010 7.2 26 4.7 10.1 Northwest
4 Clearcut, LowBA, Gap 18-Feb-2010 12.0 28 4.7 11.2 West
4 MedBA, Control 25-Feb-2010 6.1 27 17.6 30.6 Northwest
5 All 8-Mar-2010 24.0 26 2.9 4.7 North
6 All 18-Feb-2010 14.4 26 6.5 13.0 Northwest

Camp Lejeune 1 All 5-Jan-2010 2.2 45 14.4 27.7 Northwest
2 All 5-Jan-2010 2.2 45 14.4 27.7 Northwest
3 All 15-Mar-2010 16.7 47 14.4 32.0 Northwest
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distance effect was nearly significant at Fort Benning (Table 5).
Seedling size gradually increased from 10 m in the forest interior
to the gap center (30 m from the forest edge) at Fort Benning, with
the size of seedlings in the gap significantly larger than those in the
forest (F = 4.29, p = 0.0036). A distance effect was present at Camp
Lejeune as well (F = 6.89, p = 0.0009), where seedlings 10 m in the
forest interior were smaller than those in the center of gaps
(Fig. 1B). Mean seedling size in gaps was greater at Camp Lejeune
than at Fort Benning (t = 2.85, p = 0.0072).

3.3. Fire effects on loblolly pine regeneration

The uniform harvesting treatments did not affect the percent-
age of loblolly pine seedlings killed by the prescribed fires at either
study location (Table 4). At Fort Benning, the fires killed 70.6% of
the loblolly pine regeneration in uniform plots compared to
64.3% mortality at Camp Lejeune, although the difference was
not significant (t = 0.47, p = 0.6426). For gaps, a slight trend of re-
duced mortality with distance from the forest edge was evident
at both study locations, although mortality was not significantly
affected by gap position at either site (Table 5). Average loblolly
pine mortality in forest gaps was lower at Camp Lejeune (38.1%)
than at Fort Benning (74.4%) (t = 2.89, p = 0.0112).

For the range of loblolly pine seedling sizes observed in this
study, there is little evidence that seedling size affected the likeli-
hood of mortality from the prescribed fires at either location (Figs. 2
and 3). Mortality occurred for seedlings of virtually all sizes up to
2 m tall. Few seedlings were killed that were taller than 1.5 m,
but the number of seedlings that were in that size class was low;
at Fort Benning there were only two seedlings and no mortality,

and at Camp Lejeune only six out of 22 seedlings in that size class
were killed by fire. The area burned was significantly affected by
harvesting treatment at Fort Benning (F = 7.34, p = 0.003), with
nearly 100% of the Control and MedBA plots burned, compared to
78% burned on Clearcut plots (Fig. 4). A similar pattern among
the treatments was evident at Camp Lejeune, although no treat-
ment effect was detected (F = 1.97, p = 0.2197). The percent area
burned was significantly related to loblolly pine mortality at each
study site (Fig. 5). The relationship was much stronger at Camp
Lejeune than Fort Benning, because Fort Benning had some plots
with high percent area burned but relatively low loblolly pine
mortality.

3.4. Post-fire loblolly pine regeneration density and height

After the prescribed fires of 2010, there were no significant
treatment effects on the number of live seedlings or the frequency
of loblolly pine seedlings in the uniform plots at either study loca-
tion (Table 4). Fort Benning averaged 465 remaining loblolly pine
seedlings per hectare, with only around 5% frequency, and Camp
Lejeune averaged 8438 seedlings per hectare and 29.2% frequency.
Both measures of seedling abundance were greater at Camp Leje-
une than at Fort Benning (density: t = 2.62; p = 0.0252, frequency:
t = 3.14; p = 0.0093). We found no significant treatment effects on
seedling size at Fort Benning (F = 2.11, p = 0.1744), despite an in-
crease from 15.2 cm on Control plots to 41.6 cm on Clearcut plots
(Fig. 6A). Size of the live seedlings at Camp Lejeune was signifi-
cantly affected by harvesting treatment (F = 5.76, p = 0.0213), with
seedlings in Clearcut plots averaging 79.6 cm, compared to an
average of 25.8 among the other three treatments. In gap plots,

Table 3
Density of loblolly pine seedlings in May and September 2008, the first year following harvesting and site preparation, and the density of new germinants in May 2010, following
the dormant season prescribed fire. Different letters within a study location indicate statistically different least square means at a = 0.05.

Site Treatment May 2008 September 2008 May 2010

Mean St. error Mean St. error Mean St. error

Fort Benning Control 12,166A 2007 6000 1538 8208A 3190
MedBA 7973AB 1130 3855 1190 10,458A 5096
LowBA 6833AB 2747 3333 1564 2319AB 730
Clearcut 4166B 963 2417 970 167B 78
p-value 0.0422 0.2289 0.0096

Camp Lejeune Control 75,278 30,123 69,483 21,409 329,167 113,604
MedBA 165,548 123,904 97,523 58,639 259,167 42,544
LowBA 56,798 21,731 34,035 4996 151,944 75,741
Clearcut 80,333 37,648 63,177 8846 32,083 32,083
p-value 0.5584 0.4325 0.0994

Table 4
Density and frequency of occurrence of loblolly pine seedlings >10 cm (mean and standard error) by uniform harvesting treatment before and after the 2010 prescribed fires at
Fort Benning and Camp Lejeune. Prescribed fire mortality values were calculated at the plot level for analysis and may differ slightly from that calculated at the treatment level
with data in the table. P-values are from ANOVA tests of treatment effects for each site.

Site Treatment Total seedlings (pre-fire) Live seedlings (post-fire) Prescribed fire mortality (%)

Density (number/ha) Frequency (%) Density (number/ha) Frequency (%)

Mean St. error Mean St. error Mean St. error Mean St. error Mean St. error

Fort Benning Control 722 249 11.1 5.1 222 109 5.6 3.5 69.2 14.1
MedBA 2264 1203 19.4 9.8 181 119 4.2 4.2 94.0 3.6
LowBA 3583 2448 22.2 7.0 1125 738 9.7 3.4 66.2 8.5
Clearcut 1472 488 6.9 5.4 333 195 1.4 1.4 64.8 18.4
p-value 0.5225 0.3931 0.2739 0.3301 0.3069

Camp Lejeune Control 8056 3737 38.9 16.9 4167 3005 25.0 21.0 60.3 30.7
MedBA 42,778 26,581 66.7 12.7 7222 2650 30.6 7.3 66.3 17.4
LowBA 23,333 11,345 47.2 14.7 6111 4547 19.4 10.0 70.3 26.2
Clearcut 35,833 6667 79.2 12.5 16,250 14,583 41.7 25.0 60.5 30.6
p-value 0.3240 0.3248 0.5148 0.6552 0.9853
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the density of live seedlings following the prescribed fires was not
affected by distance from the forest edge at Fort Benning or Camp
Lejeune (Table 5). Patterns of seedling size and distance to forest
edge were similar to those before the prescribed fires (Fig. 1B
and Fig. 6B), with a significant position effect at both sites after
the prescribed fires (F = 4.23, p = 0.0063 at Fort Benning and
F = 5.61, p = 0.0037 at Camp Lejeune).

The density of new germinants following the 2010 prescribed
fires in uniform plots was highest on the MedBA and Control plots,
with very little recruitment in the Clearcut plots at Fort Benning.
The treatment effect was only marginally significant at Camp Leje-
une, despite a range from 329,167 seedlings/ha on Control plots to
32,083 seedlings per hectare on Clearcut plots (Table 3). There
were significantly more new germinants at Camp Lejeune than at
Fort Benning after the prescribed fires (t = 4.26; p = 0.0017).

4. Discussion

The large difference in initial loblolly pine seedling density
(May 2008) between Fort Benning and Camp Lejeune, in which
nearly 10 times as many seedlings were present at Camp Lejeune,
may be attributed to multiple factors. Seed production is often a

reliable predictor of first year pine density (Cain, 1991), and it is
well understood that loblolly pines experience large annual varia-
tion in seed crops (Wenger, 1957; Cain, 1991). Cain and Shelton
(2001) reported complete failure (zero sound seeds/ha) one year,
followed by a bumper crop of over 2 million sound seeds per hect-
are the following year in a study in Arkansas. Generally, seed crops
are larger and more consistent in the lower Coastal Plain than in
the upper Coastal Plain or Piedmont (Wakeley, 1947; Brender
and McNab, 1972; Schultz, 1997), so it is possible that differences
in seedling density between the two study sites were associated
with differences in seed production in 2007 (prior to the treat-
ment). Additionally, site conditions during germination and early
establishment play an important role in regeneration success. At
both study locations, precipitation early in the first growing season
(March–June 2008) was well below the 50-year average (Camp
Lejeune: 346 vs. 430 mm, respectively; Fort Benning: 343 vs.
442 mm, respectively). Forest soils are typically drier at Fort Ben-
ning than at Camp Lejeune (Table 1), and the dry conditions during
the period of early seedling establishment may have been more
inhibitive for seedling establishment at Fort Benning than at Camp
Lejeune. Finally, it is unclear how the different site preparations
used at each location may have affected the recruitment of loblolly
pine on these sites.

Generally, loblolly pine seedling establishment increases fol-
lowing disturbances that reduce vegetation cover and expose min-
eral soil (Pomeroy and Trousdell, 1948; Cain, 1991; Schultz, 1997),
and therefore we expected initial loblolly pine recruitment to be
highest on harvested treatments that still retain some canopy trees
as a seed source (Hypothesis 1). However, we did not see evidence
that disturbance from logging improved the seedbed over that pro-
vided by site preparation (mechanical or chemical vegetation con-
trol plus fire) at either site. The importance of seedbed preparation
is reduced during years of high seed production because abundant
seed rain increases the likelihood that all suitable microsites are
utilized (Trousdell, 1963). Although seed production was not di-
rectly measured, the high density of seedlings at Camp Lejeune
suggests that seed production was high the previous year. On the
other hand, lower seed production at Fort Benning may have in-
creased the importance of canopy trees as a seed source, resulting
in a higher number of established seedlings on uncut plots than
those in which canopy trees had been removed. Additionally, the
shade of canopy trees may have facilitated seedling establishment
at Fort Benning by improving microsite conditions for seedling
establishment during the dry summer of 2008.

Interestingly, we found a high number of loblolly pine seedlings
in Clearcut plots at Camp Lejeune, despite complete removal of the
seed source. Loblolly pine seed dispersal is reported to occur 60 m
from seed trees, with diminishing recruitment out to 100 m
(Pomeroy, 1949; Wenger and Trousdell, 1958; Schultz, 1997). Be-
cause our Clearcut plots were 2 ha in size (141 � 141 m), the cen-
ters of the plots were only 70 m from the nearest forest edge and
were not out of range of seed dispersal. Very few loblolly pine
seeds remain viable from one year to the next (Little and Somes,
1959; Baker and Langdon, 1990; Cain and Shelton, 1997), so it is
not likely that residual seeds contributed to initial seedling den-
sity. However, it is possible that loblolly pine regeneration came
from seedlings that had not been killed during logging or site prep-
aration. Although we did not measure loblolly pine seedling den-
sity before timber harvest, field observations following site
preparation indicated that loblolly pine regeneration was not
abundant at the start of 2008, and contributions from previously
established seedlings were not likely significant.

As expected, we found that canopy thinning and gap harvesting,
both used to reduce overstory competition with planted longleaf
pine seedlings, increased the growth of natural loblolly pine regen-
eration (Hypothesis 2). Hu (1983) compared growth of natural

Fig. 1. Height of loblolly pine natural regeneration (mean ± standard error) two
growing seasons after harvest and site preparation at Fort Benning and Camp
Lejeune by (A) harvesting treatment in uniform plots and (B) distance from forest
edge in gap plots. Data was not taken in gap centers at Camp Lejeune due to
concerns about the disturbance created at the intersection of four sampling
transects. Different letters within a study location indicate statistically different
least square means at a = 0.05.
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loblolly pine regeneration following various regeneration tech-
niques (clearcut, shelterwood, seed tree, selection cutting) and re-
ported results similar to ours, with the greatest growth on
clearcuts and reduced growth associated with canopy competition.
Results from the gap plots show that seedling size increases from
within the forest to the gap center, although the rate of increase
differed between the study sites. At Fort Benning, we noted a grad-
ual increase in seedling size associated with the distance from the
forest edge, but at Camp Lejeune seedling size increased rapidly
from 10 m into the forest to the forest edge and remained constant
toward the gap center. The ability of a species to respond to in-
creased resource availability is often controlled by limitations of
other resources (Teskey et al., 1987), and differences in site quality
(nutrients and moisture) between the study sites are likely respon-
sible for the observed growth patterns.

The susceptibility of loblolly pine seedlings to fire-induced mor-
tality decreases with seedling size, and previous research suggests
that once loblolly pine seedlings reach 2.5 m in height they become
resistant to fire (Cain, 1985; Cain and Shelton, 2002). By the end of
two growing seasons, no measured seedlings had reached the size
threshold suggested by previous research, and we found little evi-
dence that seedling size affected the likelihood of survival follow-
ing our prescribed fires because fire-induced mortality was
observed for nearly all size classes. We did observe low mortality
levels for the largest seedlings in Clearcut plots (typically
>1.5 m), but because so few seedlings of that size were observed,
and we did not quantify the distribution of fire at the seedling le-
vel, it cannot be concluded that seedling size was responsible for
the observed survival. These results confirm that prescribed burn-

ing during the second or perhaps even the third year after planting
longleaf pine seedlings will allow managers the opportunity to
control loblolly pine regeneration when it is still susceptible to
fire-induced mortality.

Fires in frequently burned pine systems can be quite heteroge-
neous at fine scales, depending on fuel distributions and micro-site
conditions (Gibson et al., 1990; Thaxton and Platt, 2006; Hiers
et al., 2009), and it is unclear how interactions between seedling
size and heterogeneity of prescribed burns may affect fire-induced
mortality at the stand level. In Hypothesis 3, we expected loblolly
pine seedling mortality to be highest on sites with more canopy
trees present because inputs from needlefall would improve the
continuity of the fuelbed, resulting in more uniform, complete
burns. We found that prescribed fires burned more completely in
treatments with intact canopies, with evidence of burning in
nearly 100% of the observation points in the Control plots at both
sites, compared to 78% and 69% on Clearcut plots at Fort Benning
and Camp Lejeune, respectively. We attribute the lack of a treat-
ment effect on loblolly pine mortality rates in uniform plots to fine
scale heterogeneity in prescribed fire intensity, which was not ac-
counted for in the measurement of area burned. However, the rela-
tionships between the percent area burned and loblolly pine
mortality (Fig. 5) demonstrate the importance of complete burns
for loblolly pine control, as mortality tended to decrease sharply
with slight decreases in the area burned.

We found a general pattern of higher loblolly pine mortality un-
der the forest canopy than in the center of canopy gaps at both
study sites, although this trend was not statistically significant in
either case. Previous research has suggested that canopy gaps

Fig. 2. Density (seedlings per hectare) of live and dead loblolly pine seedlings by size following 2010 prescribed fires for (A) Control, (B) MedBA, (C) LowBA, and (D) Clearcut
plots at Fort Benning. Note: scales of y-axes are not consistent for each treatment.
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may be a useful silvicultural technique for longleaf pine restoration
in stands in which canopy retention is desirable (Palik et al., 1997,
2003). However, the loss of the fine fuels associated with needlefall
may affect the movement of fire across canopy gaps, with poten-
tially long-term effects on fire management (Mitchell et al.,
2006). It is likely that the observed patterns of loblolly pine mortal-

ity were related to fire behavior within the gaps and that control of
loblolly pine regeneration with fire will be more difficult farther
from the forest edge. However, a complete analysis of the role of
pine needles as a fuel source, the effects of canopy trees on fuel
properties (e.g. fuel moisture), and the interactions of those factors
is beyond the scope of this study.

Fig. 3. Density (seedlings per hectare) of live and dead loblolly pine seedlings by size following 2010 prescribed fires for (A) Control, (B) MedBA, (C) LowBA, and (D) Clearcut
plots at Camp Lejeune. Note: scales of y-axes are not consistent for each treatment.

Table 5
Density of loblolly pine seedlings >10 cm (mean and standard error) relative to the forest edge in gap plots before and after the 2010 prescribed fires at Fort Benning and Camp
Lejeune. Prescribed fire mortality values were calculated at the plot level for analyses and may differ slightly from that calculated at the treatment level with data in the table. P-
values are from ANOVA tests of treatment effects for each site.

Site Distance from forest edge (m) Total seedlings (pre-fire) Live seedlings (post-fire) Prescribed fire mortality (%)

Density (number/ha) Density (number/ha)

Mean St. error Mean St. error Mean St. error

Fort Benning �10 2958 1218 542 255 87.0 7.5
0 3333 892 896 429 71.3 11.7

10 4333 1121 292 79 90.0 3.2
20 2875 796 938 232 65.3 9.1
30 1969 579 719 309 58.5 21.0

p-value 0.0763 0.2017 0.1020

Camp Lejeune -10 38,333 19,867 12,424 5524 45.3 28.2
0 33,611 7276 27,500 7120 36.7 24.1

10 25,833 5367 17,500 5537 38.3 29.4
20 29,722 5278 15,277 3110 32.0 28.0

30a

p-value 0.4156 0.1155 0.2118

a Data was not taken in gap centers at Camp Lejeune due to concerns about the disturbance created at the intersection of four sampling transects.
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One consequence of using prescribed fire to control loblolly
pine regeneration is that the seedbed is again improved for germi-
nation and seedling establishment. Additionally, loblolly pine seed
production may be stimulated by release of seed trees through
timber harvest (Wenger, 1954; Schultz, 1997), increasing the like-
lihood of a good seed crop coinciding with the first prescribed fire
after planting longleaf pine seedlings in thinned stands. Following
the 2010 prescribed fires, the density of newly germinated seed-
lings was similar to that observed during initial establishment at
Fort Benning and generally higher than that observed during initial
establishment at Camp Lejeune. At both study sites, our results
show that additional loblolly pine seedlings will become estab-
lished after each prescribed fire, and consequently managers must
use prescribed fire at two to three year intervals to control each cy-
cle of loblolly pine recruitment.

5. Management Implications

Restoring the longleaf pine ecosystem in many areas of the
southeastern United States requires conversion of existing loblolly
pine stands to longleaf pine forests. When silvicultural prescrip-

tions include the retention of canopy trees for ecological benefit,
managers must be prepared for natural loblolly pine regeneration
and need to understand the implications of that regeneration on
stand development. The comparison of two ecologically distinct
study sites demonstrates that initial loblolly pine seedling estab-
lishment may be highly variable both between sites (e.g., higher
seedling density at Camp Lejeune than Fort Benning) and within
sites (high standard error values for seedling density for most
treatments at both sites). Seed crop size and successful establish-
ment of loblolly pine regeneration are dependent on numerous fac-
tors that include the year (e.g. seed production, weather patterns),
site quality (e.g. climate, soil characteristics), stand age, and seed-
bed preparation. Regional differences in seed production of loblolly
pines affect the likelihood of abundant regeneration, with larger
and more consistent seed crops in the lower Coastal Plain (e.g.
Camp Lejeune). Consequently, the feasibility of longleaf pine resto-
ration in loblolly pine stands may depend on location, site quality,
and initial loblolly pine seedling establishment. By using knowl-
edge of site characteristics and trends in recent seed production
(Wenger, 1957; Cain and Shelton, 2001), managers may be able
to time longleaf pine restoration to coincide with poor seed crops
to minimize initial loblolly pine establishment. Moreover, the
majority of viable loblolly pine seeds are typically dispersed by

Fig. 4. Percent area burned by 2010 prescribed fires (mean ± standard error) for
each uniform harvesting treatment at Fort Benning and Camp Lejeune. Different
letters within a study location indicate statistically different least square means at
a = 0.05.

Fig. 5. Scatterplots and least square mean lines for the percent area burned and
loblolly pine seedling mortality for each study plot at Fort Benning (filled circles)
and Camp Lejeune (open circles).

Fig. 6. Height of live loblolly pine natural regeneration (mean ± standard error)
remaining after 2010 prescribed fires at Fort Benning and Camp Lejeune by (A)
harvesting treatment in uniform plots and (B) distance from forest edge in gap
plots. Data was not taken in gap centers at Camp Lejeune due to concerns about the
disturbance created at the intersection of four sampling transects. Different letters
within a study location indicate statistically different least square means at a = 0.05.

B.O. Knapp et al. / Forest Ecology and Management 262 (2011) 1157–1167 1165



Author's personal copy

the end of December (Cain, 1991), and additional control may be
provided by applying a site preparation burn after seedfall has oc-
curred. Although managers should consider ways to minimize lob-
lolly pine regeneration during restoration, some level of
recruitment is inevitable, and managers must be prepared to con-
trol it with prescribed burning.

Frequent prescribed burning is fundamental to longleaf pine
ecosystem management but becomes paramount in the presence
of fast-growing loblolly pine seedlings. During the early years of
longleaf pine seedling development (i.e., prior to emergence from
the grass stage), the ability to control loblolly pine regeneration
with fire will largely determine which pine species will dominate
a site. Given the heterogeneous nature of fire behavior, we expect
the survival of some loblolly pine seedlings following prescribed
fire. The development of mixed stands may be acceptable during
ecological restoration, provided that longleaf pine makes up a sig-
nificant portion of the new cohort and that subsequent thinning
operations select loblolly pines for removal. However, the success
of such a model is contingent on the development of competitive
longleaf pine seedlings, and managers can maximize the likelihood
of longleaf pine establishment with effective prescribed burning.
Fire management decisions should therefore consider the control
of loblolly pine regeneration as a principle objective, especially
while artificially regenerated longleaf pine seedlings are in the
stemless grass stage and vulnerable to competition from faster
growing species.

The complex interactions among needlefall as a fine fuel, fire
behavior, and loblolly pine seedling size suggest that control of
loblolly pine regeneration with fire may be more difficult following
removal of some canopy trees. Silvicultural treatments that include
complete canopy removal (e.g. gaps or clearcuts) maximize growth
of established loblolly pine seedlings and shorten the window of
opportunity for control with prescribed fire. For example, in Clear-
cut plots at Camp Lejeune, seedlings that survived the 2010 pre-
scribed fires averaged around 80 cm tall with mean densities in
excess of 1.5 seedlings per square meter. Continued growth will
make them difficult to kill with subsequent burns because seed-
lings will rapidly reach a size resistant to fire-induced mortality.
In such cases, the fire return interval may have to be shortened
or additional mechanical treatments may be required to control
loblolly pine regeneration, with the potential risk of damage to
planted longleaf pine seedlings.

Ultimately, developing appropriate silvicultural prescriptions
for converting loblolly pine stands to longleaf pine will require
information on how harvesting treatments affect ecosystem com-
ponents that include longleaf pine seedling establishment, ground
layer vegetation composition, stand structure, fuel complexes, and
the ability for sustained management with prescribed fire. This
study addresses one potential source of competition for longleaf
pine seedlings that will have major implications on stand develop-
ment following restoration activities. In general, our results sug-
gest that site and stand conditions may be more important for
controlling loblolly pine seedling density than the harvesting treat-
ments used in this study. However, canopy retention is expected to
increase the continuity of prescribed fire and therefore allow the
manager greater flexibility in the use of prescribed fire to control
loblolly pine regeneration. Overall, the challenges posed to longleaf
pine restoration by natural regeneration in loblolly pine stands
should not be insurmountable with the proper use of prescribed
fire and adaptive management applied on a stand-specific basis.

Acknowledgements

Funding for this project was provided by the Strategic Environ-
mental Research and Development Program (SERDP; RC-1474),
sponsored by the United States Department of Defense, United

States Department of Energy, and Environmental Protection
Agency. We would like to thank the Land Management Branch at
Fort Benning, GA and the Forest Protection Program and Forest
Management Program at Marine Corps Base Camp Lejeune, NC
for support throughout this project. Special thanks go to Rob Add-
ington and The Nature Conservancy at Fort Benning for assistance
with data collection and manuscript review and to Erik Pearson,
Seth Cook, Yhtt Nighthawk, and Bryan Mudder for field assistance.
We are also appreciative for the improvements to this manuscript
through the suggestions of three anonymous reviewers. This is
Technical Contribution No. 5948 of the Clemson University Exper-
iment Station.

References

Bacon, C.G., Zedaker, S.M., 1987. Third-year growth response of loblolly pine to
eight levels of competition control. South. J. Appl. For. 11, 91–95.

Bailey, R.G., 1995. Description of the Ecoregions of the United States, second ed.
Miscellaneous Publication No. 1391. USDA Forest Service, Washington, DC, p.
108.

Baker, J.B., Langdon, O.G., 1990. In: Loblolly pine (Pinus taeda L.). In: Burns, R.M.,
Honkala, B.H. (Eds.), . Silvics of North America: vol. 1, Conifers. Agriculture
Handbook 654. USDA Forest Service, Washington, DC, pp. 497–512.

Boyer, W.D., 1988. Effects of Site Preparation and Release on the Survival and
Growth of Planted Bare-Root and Container-Grown Longleaf Pine. Georgia
Forest Research Paper 76. Research Division, Georgia Forestry Commission, p. 8.

Boyer, W.D., 1990. In: Longleaf pine (Pinus palustris Mill.). In: Burns, R.M., Honkala,
B.H. (Eds.), . Silvics of North America, vol. 1, Conifers. Agriculture Handbook 654.
USDA Forest Service, Washington, DC, pp. 405–412.

Brender, E.V., McNab, W.H., 1972. Loblolly pine seed production in the lower
Piedmont under various harvesting methods. J. Forest. 70, 345–349.

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

Brockway, D.G., Outcalt, K.W., Boyer, W.D., 2006. Longleaf pine regeneration
ecology and methods. In: Jose, S., Jokela, E., Miller, D.L. (Eds.), The Longleaf Pine
Ecosystem: Ecology, Silviculture, and Restoration. Springer Science + Business
Media, LLC, New York, pp. 157–213.

Cain, M.D., 1985. Prescribed winter burns can reduce the growth of nine-year-old
loblolly pines. USDA Forest Service, Res. No. SO-312, p 4.

Cain, M.D., 1986. Late-winter prescribed burns to prepare seedbeds for natural
loblolly-shortleaf pine regeneration: are they prudent? Fire Manage. Notes 47,
36–39.

Cain, M.D., 1987. Site-preparation techniques for establishing natural pine
regeneration on small forest properties. South. J. Appl. For. 11, 41–45.

Cain, M.D., 1991. Importance of seedyear, seedbed, and overstory for establishment
of natural loblolly and shortleaf pine regeneration in southern Arkansas. USDA
Forest Service, Res. Pap. SO-268, p. 10.

Cain, M.D., 1993. A 10-year evaluation of prescribed winter burns in uneven-aged
stands of Pinus taeda L. and P. echinata Mill.: woody understory vegetation
response. Int. J. Wildland Fire 3, 13–20.

Cain, M.D., Shelton, M.G., 1997. Loblolly and shortleaf pine seed viability through 21
months of field storage: can carry-over occur between seed crops? Can. J. For.
Res. 27, 1901–1904.

Cain, M.D., Shelton, M.G., 2001. Twenty years of natural loblolly and shortleaf pine
seed production on the crossett experimental forest in southeastern Arkansas.
South. J. Appl. For. 25, 40–45.

Cain, M.D., Shelton, M.G., 2002. Does prescribed burning have a place in
regenerating uneven-aged loblolly-shortleaf pine stands? South. J. Appl. For.
26, 117–123.

Engstrom, R.T., 1993. Characteristic mammals and birds of longleaf pine forests. In:
Hermann, S.M. (Ed.), Proceedings of the Tall Timbers Fire Ecology Conference
18. Tall Timbers Research Station, Tallahassee, FL, pp. 127–138.

Frost, C.C., 1993. Four centuries of changing landscape patterns in the longleaf pine
ecosystem. In: Hermann, S.M. (Ed.), Proceedings of the Tall Timbers Fire Ecology
Conference 18. Tall Timbers Research Station, Tallahassee, FL, pp. 17–43.

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.
Manag. 172, 133–144.

Gibson, D.J., Hartnett, D.C., Merrill, G.L.S., 1990. Fire temperature and heterogeneity
in contrasting fire prone habitats: Kansas tallgrass prairie and Florida sandhill.
B. Torrey. Bot. Club 117, 349–356.

Guyer, C., Bailey, M.A., 1993. Amphibians and reptiles of longleaf pine communities.
In: Hermann, S.M. (Ed.), Proceedings of the Tall Timbers Fire Ecology Conference
18. Tall Timbers Research Station, Tallahassee, FL, pp. 139–158.

Haywood, J.D., 1986. Response of planted Pinus taeda L. to brush control in Northern
Louisiana. Forest Ecol. Manag. 15, 129–134.

Hiers, J.K., O’Brien, J.J., Mitchell, R.J., Grego, J.M., Loudermilk, E.L., 2009. The wildland
fuel cell concept: an approach to characterize fine-scale variation in fuels and
fire in frequently burned longleaf pine forests. Int. J. Wildland Fire 18, 315–325.

Hu, S.C., 1983. Regenerating loblolly pine by natural seeding and planting in
southeastern Louisiana. In: Jones, E.P., Jr (Ed.), Proceedings of the 2nd Biennial

1166 B.O. Knapp et al. / Forest Ecology and Management 262 (2011) 1157–1167



Author's personal copy

Southern Silvicultural Research Conference. General Technical Report SE-24.
USDA Forest Service, Southeastern Forest Experiment Station, Asheville, NC, pp.
94–95.

Jose, S., Jokela, E.J., Miller, D.L., 2006. The Longleaf Pine Ecosystem: Ecology,
Silviculture, and Restoration. Springer, New York, p. 438.

Kirkman, L.K., Mitchell, R.J., Helton, R.C., Drew, M.B., 2001. Productivity and species
richness across an environmental gradient in a fire-dependent ecosystem. Am. J.
Bot. 88, 2119–2128.

Kirkman, L.K., Mitchell, R.J., Kaeser, M.J., Pecot, S.D., Coffey, K.L., 2007. The perpetual
forest: using undesirable species to bridge restoration. J. Appl. Ecol. 44, 604–
614.

Knapp, B.O., Wang, G.G., Walker, J.L., Cohen, S., 2006. Effects of site preparation
treatments on early growth and survival of planted longleaf pine (Pinus palustris
Mill.) seedlings in North Carolina. Forest Ecol. Manage. 226, 122–128.

Langdon, O.G., 1981. Natural regeneration of loblolly pine: a sound strategy for
many forest landowners. South. J. Appl. For. 5, 170–176.

Little, S., Somes, H.A., 1959. Viability of loblolly pine seed stored in the forest floor. J.
Forest. 57, 848–849.

MCBCL (Marine Corps Base Camp Lejeune), 2006. Integrated Natural Resource
Management Plan (INRMP). US Marine Corps, Camp Lejeune, NC. Available
from: <http://www.lejeune.usmc.mil/emd/INRMP/INRMP.htm>. [Accessed 15
November 2010].

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.

Means, B.D., 2006. Vertebrate faunal diversity of longleaf pine ecosystems. In: Jose,
S., Jokela, E., Miller, D.L. (Eds.), The Longleaf Pine Ecosystem: Ecology,
Silviculture, and Restoration. Springer Science + Business Media, LLC, New
York, pp. 157–213.

Miller, J.H., Zutter, B.R., Zedaker, S.H., Edwards, M.B., Haywood, J.D., Newbold, R.A.,
1991. A regional study on the influence of woody and herbaceous competition
on early loblolly pine growth. South. J. Appl. For. 15, 169–179.

Mitchell, R.J., Hiers, J.K., O’Brien, J.J., Jack, S.B., Engstrom, R.T., 2006. Silviculture that
sustains: the nexus between silviculture, frequent prescribed fire, and
conservation of biodiversity in longleaf pine forests of the southeastern
United States. Can. J. Forest Res. 36, 2724–2736.

Palik, B.J., Mitchell, R.J., Houseal, G., Pederson, N., 1997. Effects of canopy structure
on resource availability and seedling responses in a longleaf pine ecosystem.
Can. J. Forest Res. 27, 1458–1464.

Palik, B.J., Mitchell, R.J., Hiers, J.K., 2002. Modeling silviculture after natural
disturbance to sustain biodiversity in the longleaf pine (Pinus palustris)
ecosystem: balancing complexity and implementation. Forest Ecol. Manag.
155, 347–356.

Palik, B., Mitchell, R.J., Pecot, S., Battaglia, M., Pou, M., 2003. Spatial distribution of
overstory retention influences resources and growth of longleaf pine seedlings.
Ecol. Appl. 13, 674–686.

Pecot, S.D., Mitchell, R.J., Palik, B.J., Moser, E.B., Hiers, J.K., 2007. Competitive
responses of seedlings and understory plants in longleaf pine woodlands:
separating canopy influences above and below ground. Can. J. Forest Res. 37,
634–648.

Peet, R.K., Allard, D.J., 1993. Longleaf pine vegetation of the Southern Atlantic and
Eastern Gulf Coast regions: a preliminary classification. In: Hermann, S.M. (Ed.),
Proceedings of the Tall Timbers Fire Ecology Conference, No. 18. The Longleaf
Pine Ecosystem: Ecology, Restoration, and Management. Tall Timbers Research
Station, Tallahassee, FL, pp. 45–81.

Pomeroy, K.B., 1949. Loblolly pine seed trees: selection, fruitfulness, and mortality.
USDA Forest Service, Southeastern Forest Experiment Station. Res. Pap. 5,
Asheville, NC, p. 17.

Pomeroy, K.B., Trousdell, K.B., 1948. The importance of seed-bed preparation in
loblolly pine management. Southern Lumberman 177, 143–144.

Schultz, R.P., 1997. Loblolly pine: the ecology and culture of loblolly pine (Pinus
taeda L.). Agricultural Handbook No. 713. USDA Forest Service, Washington, DC.

Schultz, R.P., 1999. Loblolly – the pine for the twenty-first century. New Forest. 17,
71–88.

Shelton, M.G., Cain, M.D., 2000. Regenerating uneven-aged stand of loblolly and
shortleaf pines: the current state of knowledge. Forest Ecol. Manag. 129, 177–
193.

Teskey, R.O., Bongarten, B.C., Cregg, B.M., Dougherty, P.M., Hennessey, T.C., 1987.
Physiology and genetics of tree growth response to moisture and temperature
stress: an examination of the characteristics of loblolly pine (Pinus taeda L.).
Tree Physiol. 3, 41–61.

Thaxton, J.M., Platt, W.J., 2006. Small-scale fuel variation alters fire intensity and
shrub abundance in a pine savanna. Ecology 87, 1331–1337.

Trousdell, K.B., 1963. Loblolly pine regeneration from seed: what do site
preparation and cultural measures buy? J. Forest. 61, 441–444.

US Fish and Wildlife Service, 2003. Red-Cockaded Woodpecker (Picoides borealis)
Recovery, second ed. Atlanta, GA, p. 296.

Van Lear, D.H., Carroll, W.D., Kapeluck, P.R., Johnson, R., 2005. History and
restoration of the longleaf pine-wiregrass ecosystem: implications for species
at risk. Forest Ecol. Manag. 211, 150–165.

Wakeley, P.C., 1947. Loblolly pine seed production. J. Forest. 52, 115–118.
Walker, J., Peet, R.K., 1983. Composition and species diversity of pine-wiregrass

savannas of the Green Swamp, North Carolina. Vegetation 55, 163–179.
Wenger, K.F., 1954. The stimulation of loblolly pine seed trees by preharvest release.

J. Forest. 52, 115–118.
Wenger, K.F., 1957. Annual variation in the seed crops of loblolly pine. J. Forest. 55,

567–569.
Wenger, K.F., Trousdell, K.B., 1958. Natural regeneration of loblolly pine in the south

Atlantic Coastal Plain. USDA Forest Service, Southeastern Forest Experiment
Station. Prod. Res. Rep. 13. Asheville, NC, p. 78.

Wittwer, R.F., Dougherty, P.M., Cosby, D., 1986. Effects of ripping and herbicide site
preparation treatments on loblolly pine seedling growth and survival. South. J.
Appl. For. 10, 253–257.

B.O. Knapp et al. / Forest Ecology and Management 262 (2011) 1157–1167 1167


