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Longleaf  pine  restoration  is  a common  management  objective  in  the  southeastern  United  States  and
requires  artificial  regeneration  of  longleaf  pines  on  sites  currently  dominated  by  loblolly  pine. In many
cases,  retention  of  canopy  trees  during  stand  conversion  may  be desirable  to promote  ecological  function
and  meet  conservation  objectives.  We  tested  the effects  of  seven  harvesting  treatments  that  varied  resid-
ual  canopy  density  and  distribution,  in conjunction  with  additional  cultural  treatments  (herbicides  and
fertilizer),  on  the  mortality  and  growth  of  longleaf  pine  seedlings  underplanted  in loblolly  pine stands.
We  observed  no  change  in  the root  collar  diameter  of longleaf  pine  seedlings  planted  in plots  with  no
canopy  removal  (residual  basal  area  of  16  m2/ha)  over  three  growing  seasons.  Clearcutting  resulted  in  the
greatest  seedling  growth  and the  greatest  percentage  of  seedlings  that  had  emerged  from  the  grass  stage,
although  mean  seedling  size  within  canopy  gaps  did  not  differ  from  that  within  clearcut  plots.  Within
canopy  gaps,  seedling  root  collar  diameter  did  not  significantly  increase  beyond  10  m  from  the forest
edge.  Canopy  trees  provided  an  apparent  facilitation  effect  on  longleaf  pine  seedling  survival,  with  the

highest  mortality  in  clearcut  plots  and  on the  northern  half  of  canopy  gaps.  Releasing  planted  longleaf
pine  seedlings  with  herbicides  resulted  in  a moderate  increase  in the  percentage  of seedlings  in  height
growth  but  had  no  effect  on root  collar  diameter.  Our results  demonstrate  trade-offs  between  longleaf
pine  seedling  survival  and  growth  associated  with  canopy  retention  but  also  suggest  that  managers  have
some  degree  of flexibility  in  prescribing  harvesting  treatments  to meet  restoration  objectives  on  sites
currently  dominated  by loblolly  pines.
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. Introduction

A widespread shift in stand structure and composition, from
istorically dominant longleaf pine (Pinus palustris Mill.) forests
o second-growth loblolly pine (Pinus taeda L.) stands, has greatly

hanged the landscape of upland forests in the southeastern
nited States. Longleaf pine ecosystems are generally character-

zed by relatively open canopies, frequent surface fires that reduce

Abbreviations: H, herbicide treatment; H+F, herbicide plus fertilizer treatment;
G,  large gap treatment; LowBA, low basal area treatment; MedBA, medium basal
rea treatment; MG,  medium gap treatment; NT, no treatment; RCD, root collar
iameter; RCW, red-cockaded woodpecker; SG, small gap treatment.
∗ Corresponding author. Tel.: +1 573 882 0867; fax: +1 573 882 1977.

E-mail address: knappb@missouri.edu (B.O. Knapp).
1 Present address: Department of Forestry, University of Missouri, 203-S ABNR
uilding, Columbia, MO 62511, USA.
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r eliminate mid-story vegetation, and diverse communities of
erbaceous vegetation in the ground layer (Mitchell et al., 2006;
eet, 2006; Sorrie and Weakley, 2001; Van Lear et al., 2005;
alker and Peet, 1984). Longleaf pine forests are valued for both

conomic and ecological services; longleaf pine produces higher-
uality timber products than other southern pines, and longleaf
ine ecosystems provide habitat for threatened or endangered
pecies such as the gopher tortoise (Gopherus polyphemus) and the
ed-cockaded woodpecker (RCW; Picoides borealis). Red-cockaded
oodpeckers prefer large, old longleaf pine trees for nesting
abitat (U.S. Fish and Wildlife Service, 2003) but commonly use
ther southern pines for nesting or foraging habitat if longleaf
ines are not available. The high levels of floristic biodiversity and
ndemism associated with longleaf pine ecosystems have resulted

n a growing list of threatened and endangered plant species that
ccur in these ecosystems (Glitzenstein et al., 2001; Walker, 1993).
s a result, public and private land managers throughout the
outheast are interested in restoring longleaf pine to upland sites,
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ith a large emphasis on restoring conservation values (Lavoie
t al., 2011; Mitchell et al., 2006). Establishing longleaf pine as a
anopy dominant is required on sites occupied by other species.

Longleaf pine seedlings are considered intolerant of competition
or resources (Boyer, 1990), and therefore traditional silvicultural
ractices for stand conversion to longleaf pine typically include
learcutting the existing canopy followed by artificial regenera-
ion (e.g., Boyer, 1988; Brockway et al., 2006; Freeman and Jose,
009; Knapp et al., 2006). However, this approach is less desirable

n stands that currently provide habitat for existing RCW popula-
ions or provide other ecological services associated with canopy
rees. Recently, the importance of canopy retention has been rec-
gnized for maintaining ecological function in a variety of forest
ystems (e.g., Attiwill, 1994; Franklin et al., 2002; Palik et al., 2002),
nd consequently, variable canopy retention has been increas-
ngly incorporated into forest management. In southeastern pine
orests, retaining canopy pines provides habitat for existing RCW
opulations but also regulates the structure of the ground layer
egetation and provides important fine fuel inputs from the needle-
all of canopy pines (Jack et al., 2006; Kirkman and Mitchell, 2006;

itchell et al., 2006). Kirkman et al. (2007) discussed the concept
f gradually converting slash pine (Pinus elliottii Engelm.) stands to
ongleaf pine forests by retaining slash pine in the canopy to sus-
ain ecological function during restoration. Such an approach may
e feasible for establishing underplanted longleaf pine during the
estoration of loblolly pine stands (e.g., Hu et al., 2012a, 2012b), pro-
ided that longleaf pine seedlings are able to successfully establish
nd recruit into the canopy over time.

Previous studies that have tested silvicultural methods for
egenerating longleaf pine report that seedling growth is reduced
y the presence of canopy trees. Natural longleaf pine regeneration

s commonly aggregated in canopy openings (Gagnon et al., 2004;
race and Platt, 1995a; Platt et al., 1988) created by lightning strikes
r other disturbance events (Outcalt, 2008; Palik and Pederson,
996). Several studies have explored regeneration dynamics within
rtificially or naturally created canopy openings in longleaf pine
orests (e.g., Brockway and Outcalt, 1998; Gagnon et al., 2003;

cGuire et al., 2001; Palik et al., 2003; Rodríguez-Trejo et al., 2003).
hese studies report that the influence of canopy pines on longleaf
ine seedlings ranges from distances of 10 to 18 m from canopy
rees, and they generally recommend that gap sizes of 0.1–0.2 ha
re needed to increase seedling growth in the center of canopy
penings (Brockway and Outcalt, 1998; McGuire et al., 2001). How-
ver, it may  be acceptable to meet the objectives of ecological
estoration over longer timeframes than that traditionally consid-
red in plantation forestry; therefore, single-tree selection may
e an option for reducing competitive pressure from canopy trees
hile retaining canopy pines in the stand (Kirkman and Mitchell,

006; Pecot et al., 2007). Palik et al. (1997) reported a negative,
xponential relationship between overstory density and the size of
lanted longleaf pine seedlings, in which seedling size increased
ubstantially with less than 8 m2/ha of overstory basal area. Habi-
at guidelines for RCW recovery recommend maintaining at least

 m2/ha basal area of trees ≥25 cm for foraging habitat (U.S. Fish
nd Wildlife Service, 2003), which suggests that balancing RCW
abitat management with longleaf pine restoration requires a bet-
er understanding of longleaf pine seedling responses to variable
anopy densities.

Longleaf pine seedling establishment can be additionally limited
y competition from ground layer or mid-story vegetation, espe-
ially following the removal of canopy trees that compete with

ub-canopy vegetation (Pecot et al., 2007). Herbicides may  be used
o improve longleaf pine seedling establishment by controlling
ompetition from woody (Freeman and Jose, 2009; Jose et al.,
010; Knapp et al., 2006) and/or herbaceous (Haywood, 2000,

t
V
l
i
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005; Ramsey et al., 2003) vegetation. Herbicides are commonly
sed during artificial regeneration of cut-over forests or abandoned
gricultural sites that have abundant competing vegetation (e.g.,
amsey et al., 2003; Knapp et al., 2006) and have the potential for
eeting longleaf pine restoration objectives by improving seedling

stablishment and shifting the ground layer vegetation from woody
o herbaceous species (Addington et al., 2012; Freeman and Jose,
009). Additionally, fertilization has been suggested as a cultural
reatment for increasing initial seedling growth on the nutrient-
oor sites that support longleaf pine (Gagnon et al., 2003). However,
he efficiency of herbicide application or fertilizers for improving
nderplanted longleaf pine seedling establishment in loblolly pine
tands is not clear.

Much of our understanding of longleaf pine regeneration has
ome from research conducted within longleaf pine stands, on
ut-over forestland, or on abandoned agricultural sites. The fac-
ors affecting longleaf pine seedling survival and growth may  differ
mong sites with different histories and stand conditions, suggest-
ng that outcomes of artificial regeneration in loblolly pine stands

ay  differ from those previously reported. This study provides a
omparison of three silvicultural systems used with artificial regen-
ration of longleaf pine: (1) clearcutting (the traditional conversion
ethod); (2) group selection (applied to simulate natural regener-

tion patterns; e.g., Brockway and Outcalt, 1998; Palik et al., 2002);
nd (3) single-tree selection (recommended to retain ecological
ervices of canopy pines during regeneration; e.g., Kirkman and
itchell, 2006; Pecot et al., 2007). In addition, we tested the effects

f cultural treatments on seedling survival and growth. This study
nd a parallel study applied in a different ecoregion in the lon-
leaf pine range (Hu et al., 2012a) are the first to evaluate the
ffects of canopy retention on longleaf pine artificial regenera-
ion in loblolly pine stands. Our specific objectives were to: (1)
etermine the effects of harvesting treatments that vary the distri-
ution and density of residual canopy trees on planted longleaf pine
eedling survival and growth; (2) determine the effects of herbi-
ides and fertilizer on longleaf pine seedling survival and growth;
nd (3) determine the effects of within-gap position on planted
ongleaf pine seedling survival and growth.

. Materials and methods

.1. Study site

This study was  conducted at Fort Benning Military Installation
∼32.38◦N, 84.88◦W)  in Muscogee and Chattahoochee Counties,
A and Russell County, AL. Prior to establishment as a U.S. mil-

tary installation in 1918, much of the land base was used for
otton production but then reforested with loblolly pine following
he abandonment of agriculture (Fort Benning, 2001). Currently,
ort Benning occupies 74,000 ha, of which approximately one-
hird (22,500 ha) is dominated by loblolly pine and approximately
5,000 ha support pure or mixed longleaf pine stands (Fort Benning,
001). Fort Benning falls within two ecoregions, with the northeast-
rn two-thirds in the Sand Hills Subsection of the Lower Coastal
lains and Flatwoods Section and the southwestern one-third of
he installation within the Upper Loam Hills Subsection of the Mid-
le Coastal Plain Section (Bailey, 1995). Soils are generally low in
rganic matter and nutrient holding capacity, although those of
he Upper Loam Hills have higher silt and clay content than the
oarse-textured, sandy soils of the Sand Hills. Common soil series in

he Sand Hills include Troup sandy loam, Wagram loamy sand, and
aucluse loamy sand; those of the Upper Loam Hills include Maxton

oamy sand and Wickham sandy loam. The terrain of Fort Benning
s predominately rolling and is highest in the Sand Hills of the
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ortheast (225 m above sea level) and lowest near the Chatta-
oochee River in the southwest (58 m above sea level). The 50-year
ean annual precipitation at Fort Benning (through 2011) was

252 mm,  with annual precipitation of 1289, 2037, and 946 mm
n 2008, 2009, and 2010, respectively; the 50-year mean tempera-
ure was 18.4 ◦C, with mean annual temperature of 18.2, 18.0, and
8.3 ◦C in 2008, 2009, and 2010, respectively (National Climatic
ata Center, NOAA, Columbus Metropolitan Airport Station, GA).

For this study, we used upland sites dominated by second-
rowth loblolly pine that were targeted for longleaf pine
estoration by land managers at Fort Benning. Many such sites have
een managed to improve RCW habitat over the past few decades,
nd recent management activities include the use of frequent pre-
cribed fire. Common understory species included bunchgrasses
e.g., Andropogon spp., Schizachyrium scoparium (Michx.) Nash,
orghastrum spp.) and herbaceous species such as legumes (e.g.,
esmodium spp., Lespedeza spp.) and composites (e.g., Eupatorium
pp., Solidago spp.). Woody species, including sweetgum (Liq-
idambar styraciflua L.), persimmon (Diospyros virginiana L.), oaks
Quercus spp.), and hickories (Carya spp.), were common in the
nderstory and mid-story.

.2. Experimental design and treatments

The experiment was a randomized, complete block, split-plot
esign, with the location of individual loblolly pine stands used
s the block factor, and the study was replicated in six blocks
ocated across Fort Benning. Each block was divided into seven

ain treatment plots and each main-plot received an overstory
reatment. Main-plots were 100 m × 100 m (1 ha), with the excep-
ion of the Clearcut plots, which were 141 m × 141 m (2 ha) to
reate clearcut conditions in the center. The overstory treatments
nclude four treatments that resulted in the uniform distribution
f canopy pines: Control (uncut; residual basal area ∼16 m2/ha);
edBA (single-tree selection with the target basal area of 9 m2/ha);

owBA (single-tree selection with the target basal area of 5 m2/ha);
nd Clearcut (all trees removed to basal area of 0 m2/ha). In three
dditional treatments, referred to as “gap” treatments, we used
roup selection to create circular canopy gaps of different sizes:
G (large-sized gap; radius of 40 m and total area of approximately
027 m2); MG  (medium-sized gap; radius of 30 m and total area of
pproximately 2827 m2); and SG (small-sized gap; radius of 20 m
nd total area of approximately 1257 m2). Each experimental gap
as surrounded by a buffer of at least 20 m of undisturbed canopy,

nd canopy gaps were created by removing any tree for which the
enter of the bole was within the respective radius distance from
he gap center.

Following timber harvest, study sites were prepared in
ccordance with standard management procedures for lon-
leaf pine establishment at Fort Benning, with the objec-
ives of removing woody competitors and preparing the
ites for planting container-grown longleaf pine seedlings.
ite preparation included an herbicide treatment of 2.34 l/ha
mazapyr (2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-
midazol-2-yl]-3-pyridinecarboxylic acid) mixed with 2.24 kg/ha
lyphosate (N-(phosphonomethyl) glycine, isopropylamine salt)
nd broadcast throughout the entire study area in September
007, followed by prescribed fire in November 2007. Study sites
ere planted with container-grown longleaf pine seedlings at

.8 m × 3.7 m spacing, for a total of 1500 seedlings per hectare.

ithin each gap treatment, longleaf pine seedlings were planted

n rows that were oriented north/south across the canopy open-
ngs. Planting began in mid-November 2007 and was  completed
y January 2008.

2

l
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Sub-plot treatments include additional cultural practices
esigned to enhance ecosystem restoration, by either improving
he growing conditions for planted longleaf pine seedlings or by
educing the abundance of woody vegetation in the understory. The
ub-plot treatments include an untreated control (NT), competition
ontrol with herbicide (H), and competition control with herbi-
ide combined with fertilizer (H+F). Main-plot treatments Control,
edBA, LowBA, and Clearcut were each divided into four equal

ections for cultural treatment application. Within each section,
ub-plot treatments were applied to a 30 m × 30 m treatment area
entered on a 20 m × 20 m measurement plot. In gap plots, we sys-
ematically selected three rows near the center of each gap, and
ub-plot treatments were applied to a 6-m wide band centered on
ach seedling row, extending 10 m into the forest on either end.

The herbicide treatment was designed to reduce the abun-
ance of competing vegetation around planted longleaf pine
eedlings and to reduce the abundance of hardwoods in the
round layer and mid-story. We  prescribed an application of
% imazapyr plus 0.25% non-ionic surfactant that was applied
irectly to hardwood vegetation, with care taken to avoid

ongleaf pine seedlings, in October 2008. Because herbaceous
egetation dominated most of the study sites, we  applied an addi-
ional mix  of 63.2% hexazinone [3-cyclohexyl-6-(dimethylamino)-
-methyl-1,3,5-triazine-2,4(1H,3H)-dione] and 11.8% sulfome-
uron methyl {methyl 2-[[[[(4,6-dimethyl-2-pyrimidinyl)amino]-
arbonyl]amino]sulfonyl]benzoate} at a rate of 0.84 kg/ha, sprayed
n approximately 1-m wide bands over top of longleaf pine
eedlings in March 2009. The H+F treatment included the her-
icide treatments described above as well as an application of
80 kg/ha 10-10-10 NPK granular fertilizer. The fertilizer treatment
as broadcast by hand in April 2009, with care taken to evenly
istribute the fertilizer throughout each treatment area. All study
reas were burned with prescribed fire between the second and
hird growing seasons (January–April 2010). This burn was applied
o meet the management objective of maintaining frequent fire on
hese sites and was not applied as a study treatment.

.3. Data collection

In June 2008, we selected a sub-sample of longleaf pine
eedlings in each sub-plot and permanently marked each seedling
ith an aluminum tag. In uniform canopy plots (Control, MedBA,

owBA, and Clearcut), we  randomly selected a sample of 30
eedlings (approximately half of the trees planted in each 20 × 20 m
easurement area), and in gap plots we  tagged every seedling that

ccurred on each north/south sub-plot measurement row, extend-
ng 10 m into the forest on either end. Therefore, the total number
f seedlings marked in each gap varied with gap size (average of 42,
4, and 23 seedlings/row in LG, MG,  and SG, respectively). We  mon-

tored seedling survival shortly after planting (May 2008), shortly
fter the 2010 prescribed fire (May 2010), and at the end of each
f the first three growing seasons (October 2008, October 2009,
nd October 2010). At the end of each growing season, root collar
iameter (RCD) of each seedling was measured with digital calipers
long two  perpendicular axes of the root collar, and the average of
he two measurements was  calculated to account for irregularity
n root collar shape. Seedling height was  measured as the dis-
ance from the root collar to the tip of the terminal bud. Because
ll seedlings were in the grass stage in 2008, seedling height was
easured only in 2009 and 2010.

.4. Data analysis
.4.1. Effects of study treatments on seedling response
We  tested the effects of management treatments on the plot-

evel means of longleaf pine response variables during each year.
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Table 1
Longleaf pine seedling cumulative mortality (%) by measurement period and canopy
treatment; the same superscript letter within an effect indicates that pair-wise
comparisons are not significantly different at  ̨ = 0.05.

Effect Level Mortality

Mean SE

Measurement period May  2008 6.77d (2.97)
October 2008 29.05c (4.76)
October 2009 36.25b (5.16)
May  2010 41.21b (6.08)
October 2010 55.00a (7.32)

Canopy treatment Control 20.82b (4.20)
MedBA 19.77b (3.15)
LowBA 39.51a (7.51)
Clearcut 47.02a (8.35)
LG 38.00ab (5.03)
MG  39.20a (5.98)
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ean mortality and growth variables (RCD and the percentage of
eedlings in height growth) were calculated at the main-plot level
n 2008 (only RCD) and at the sub-plot level in 2009 and 2010. Incre-

ental mortality was calculated as the percentage of seedlings that
ied between measurement periods: ((N1 − N2)/N1) × 100, where
1 is the number of seedlings alive at the start of the measurement
eriod and N2 is the number of seedlings alive at the end of the
easurement period. Seedlings were determined to be in height

rowth when the terminal bud was ≥15 cm from the root collar,
nd we calculated the percentage of seedlings in height growth
ased on the number of surviving seedlings in each plot in 2009
nd 2010.

We  used mixed-model Analysis of Variance (ANOVA) with a ran-
om block effect to determine significant treatment effects in each
ear, using a split-plot model for October 2009 and 2010 data. We
lso conducted repeated measures ANOVA to determine the effect
f time (measurement period) on longleaf pine mortality and root
ollar diameter. Because sub-plot treatments were applied after the
rst growing season, we used only the control sub-plot (NT) data

or the repeated measures analyses and included only seedlings
hat remained alive in 2010 for the repeated measures analysis of
oot collar diameter.

.4.2. Effects of gap position on seedling response
In gap plots, we tested the effects of gap position on longleaf

ine mortality and root collar diameter in two  ways: (1) we com-
ared seedling responses in the north vs. the south half of gaps,
nd (2) we tested the effects of gap position (in 10 m intervals)
n seedling response along the north/south gradients. We  calcu-
ated mean values for each direction (north vs. south) and each
0 m interval position by grouping data into bins for analyses. Sub-
lot data were grouped together for the analyses because we found
o interactions between the sub-plot effects and gap position or
irection effects.

We  used split-plot ANOVA with gap size as the main-plot effect
nd direction as the sub-plot effect to test for interactions between
ap size and direction. In the absence of an interaction, we  tested
he effects of gap direction on response variables with data from
ll gaps combined. We  used ANOVA to test effects of gap posi-
ion in 10 m intervals for each gap separately because gap size
iffered (and therefore the number of positions per gap differed).
or the analyses, we used a repeated measures model with a first
rder autoregressive covariance structure to account for spatial
orrelation in gap position. For all analyses, treatment differences
ere determined using Tukey’s honestly significant difference test,

nd degrees of freedom were calculated using the Satterthwaite
pproximation. When necessary, transformations were used to
eet assumptions of normality and constant variance. Treatment

ffects were determined to be significant when  ̨ < 0.05.

. Results

.1. Seedling response to treatment effects

.1.1. Seedling mortality
The repeated measures analysis indicated that there was no

ignificant interaction between measurement period and canopy
reatment on seedling mortality (F24, 140 = 1.57; p = 0.0559). There
as a significant effect of measurement period on cumulative

eedling mortality (F4, 140 = 147.08; p < 0.0001), and cumulative

ortality increased each measurement period with exception of

rom October 2009 to May  2010 (Table 1). By the end of the
hird growing season, over half of the planted seedlings had died,
ut the majority of the mortality occurred in the first year. The

T
s
a
e

SG 31.27ab (7.70)

anopy treatments also affected seedling mortality (F6, 30 = 6.22;
 = 0.0003), with the highest mortality on the Clearcut plots and
he lowest mortality on Control and MedBA plots (Table 1).

There were no significant interactions between the main-plot
nd sub-plot treatment effects on cumulative or incremental mor-
ality in 2009 or 2010 (Table 2). We  found significant treatment
ffects on cumulative mortality at the end of each growing season
Table 2 and Fig. 1A), with general patterns similar to those found
n the repeated measures analysis. After the first growing season,
here was  close to 50% mortality of the planted seedlings on the
learcut plots, which was significantly greater than the mortality
n the Control and MedBA plots. Cumulative mortality was  sim-
lar after the second growing season, but by the end of the third
rowing season (2010) mortality on only the Control plots was
ignificantly lower than that on the Clearcut and LG plots. There
as no significant sub-plot effect in 2009 or 2010 (Table 2 and

ig. 1B). The incremental mortality was not significantly affected
y the main-plot treatments between October 2008 and October
009 or between October 2009 and October 2010. However, incre-
ental mortality was higher on NT sub-plots than on H sub-plots

etween the second and third growing seasons (Fig. 2).

.1.2. Seedling growth
The repeated measures analysis (using data from only NT sub-

lots) showed a significant interaction between year and canopy
reatment effects on root collar diameter (F12, 68 = 3.86; p = 0.0002).
oot collar diameter increased over time on all treatments except
he Control plots (F2, 68 = 1.48; p = 0.2351). In the split-plot ANOVA
sing the entire dataset, there were no significant interactions
etween main-plot and sub-plot effects on root collar diameter

n 2009 or 2010 (Table 3). The main-plot treatment effect was
ignificant in each year, and seedlings in the Control plots were
ignificantly smaller than those in the Clearcut, LowBA, and SG
lots in each year (Fig. 3). After three growing seasons, seedlings in
he Control plots were significantly smaller than those in each of
he gap treatments, and there was  a general pattern of increased
eedling size associated with the amount of canopy removal.
he sub-plot treatments had no effect on seedling root collar
iameter (Table 3).

There were no interactions between main-plot and sub-plot
ffects on the percentage of seedlings in height growth (Table 3).

he canopy treatments significantly affected the percentage of
eedlings in height growth in 2009 and 2010, with differences
mong treatments similar to those observed for root collar diam-
ter (Table 4). The Control and MedBA plots generally had
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Table  2
Results of ANOVA to determine main-plot and sub-plot treatment effects on longleaf pine cumulative and incremental mortality in October 2008, 2009, and 2010.

Variable Period Effect Num DF Den DF F-Value p-Value

Cumulative mortality October 2008 main 6 30 8.59 <0.0001
October 2009 main 6 30 7.02 <0.0001

sub  2 70 0.37 0.6944
main × sub 12 70 0.73 0.7134

October 2010 main 6 30 3.97 0.0048
sub 2 70 0.40 0.6714
main × sub 12 70 0.83 0.6180

Incremental mortality October 2008–October 2009 main 6 30 1.22 0.3236
sub  2 70 0.94 0.3966
main × sub 12 70 0.69 0.7530

October 2009–October 2010 main 6 30 0.64 0.7004
sub 2 70 5.19 0.0079
main × sub 12 70 1.00 0.4562

Table 3
Results of ANOVA to determine main-plot and split-plot treatment effects on longleaf pine seedling root collar diameter and the percentage of seedlings in height growth in
October 2008, 2009, and 2010.

Variable Year Effect Num DF Den DF F-Value p-Value

Root collar diameter 2008 main 6 30 3.86 0.0057
2009 main 6 30 8.94 <0.0001

sub 2 70 1.65 0.2004
main × sub 12 70 1.27 0.2576

2010 main 6 30 8.75 <0.0001
sub 2 67 1.25 0.2935
main × sub 12 67 1.87 0.0540

Percentage of seedlings in height growth 2009 main 6 30.2 3.59 0.0083
sub 2 69.4 0.09 0.9127
main × sub 12 69.4 0.83 0.6172

2010 main 6 30.2 3.44 0.0104
sub 2 69.4 0.12 0.8835
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ignificantly fewer seedlings in height growth than the Clearcut
nd SG plots. After three growing seasons, almost no seedlings had
merged from the grass stage on the Control treatments, but 35%
f the seedlings remaining alive on Clearcut plots were in height
rowth. The sub-plot treatments had no effect on seedling emer-

ence from the grass stage in 2009, but significantly more seedlings
ad emerged from the grass stage on the H than on the NT sub-plots

n 2010.

able 4
he percentage of longleaf pine seedlings in height growth by main-plot and sub-
lot  treatments in 2009 and 2010. The same superscript letter within a column

ndicates that pair-wise comparisons are not significantly different at  ̨ = 0.05 for
ach effect.

Effect Treatment Height growth (%)

2009 2010

Mean SE Mean SE

Main-plot Control 0.00b 0 0.23c 0.23
MedBA 0.76b 0.76 3.38bc 1.63
LowBA 3.31ab 1.8 16.04ab 3.9
Clearcut 8.17a 3.54 34.59a 9.18
LG 1.78ab 1.24 11.94abc 5.33
MG  3.54ab 1.98 12.48abc 5.9
SG 5.53a 2.3 23.31a 8.59
p-Value 0.0081 <0.0001

Sub-plot NT 3.21 0.8 10.25b 3.48
H 3.28 1.49 18.14a 5.78
H+F 3.47 1.58 15.31ab 4.4
p-Value 0.9487 0.0224
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12 69.4 0.73 0.7160

.2. Seedling response to canopy gap position

.2.1. Seedling mortality
We  found no significant interactions between gap size and

irection on seedling mortality in 2008 (F2, 86.8 = 0.83; p = 0.4391),
009 (F2, 86.8 = 0.27; p = 0.7611), or 2010 (F2, 85.8 = 1.81; p = 0.1704).
n each year, cumulative seedling mortality was significantly
reater in the northern half of gaps than in the southern half of
aps (Fig. 4A). Cumulative mortality generally increased from the
orest edge to the gap center within each gap size and at each mea-
urement period (Fig. 5A, C, and E). By the end of the third growing
eason, however, few significant differences in mortality by gap
osition were detected. In LG plots, for example, the only differ-
nces in seedling mortality rates were between seedlings located
0 m into the forest on the north side of the gaps and seedlings

ocated at both 10 and 20 m into the gap interior on the north side
f the gaps (Fig. 5A). Mortality ranged from 40 to 70% in LG plots,
rom 31 to 61% in MG plots, and from 40 to 64% in SG plots at the
nd of the third growing season, with the lowest mortality rates
onsistently located within the forest interior.

.2.2. Seedling growth
We  found no significant interactions between gap size and

irection on seedling root collar diameter in 2008 (F2, 87 = 0.10;
 = 0.9055), 2009 (F2, 87 = 2.39; p = 0.0975), or 2010 (F2, 83.5 = 2.98;

 = 0.0565). Root collar diameter was  not affected by gap direction
n any measurement year (Fig. 4B) but generally increased from the
orest edge to the gap center (Fig. 5B, D, and F). There were no sig-
ificant effects of gap position on seedling size after one growing
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Fig. 1. Cumulative seedling mortality (mean + 1 SE) by (A) main-plot canopy treat-
ment in October 2008, 2009, and 2010 and (B) sub-plot cultural treatment in October
2009 and 2010. The same letter within a year indicates that pair-wise comparisons
are not significantly different at  ̨ = 0.05.

Fig. 2. Incremental seedling mortality (mean + 1 SE) by sub-plot treatment from
October 2008 to October 2009 and from October 2009 to October 2010. The same
letter within a period indicates pair-wise comparisons are not significantly different
at   ̨ = 0.05.

Fig. 3. Root collar diameter (mean + 1 SE) by main-plot canopy treatment in October
2008, 2009, and 2010. The same letter within a year indicates that pair-wise com-
parisons are not significantly different at  ̨ = 0.05.

Fig. 4. Effects of gap direction (north vs. south) on (A) cumulative seedling mortality
(mean + 1 SE) and (B) root collar diameter (mean + 1 SE) at the end of the first (2008),
second (2009), and third (2010) growing seasons; p-values indicate differences in
gap  direction for each year.
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Fig. 5. Effects of gap position on cumulative seedling mortality (A, C, and E) and root co
(2010) growing seasons for each gap size. Negative values on the x-axis indicate distances
pair-wise comparisons are not significantly different at  ̨ = 0.05 (only shown for cumulati

s
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eason for any gap size, but by the end of the third growing season
oot collar diameter was maximized at or near the center of each
ap. Seedling size did not significantly increase beyond 10 m from
he forest edge in any gap.
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h
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llar diameter (B, D, and F) at the end of the first (2008), second (2009), and third
 from the gap edge into the forest interior. The same letter within a panel indicates
ve response in 2010).
. Discussion

The widespread loss of longleaf pine from its natural range
as made artificial regeneration necessary for converting existing
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orests to longleaf pine dominance, and early survival of planted
eedlings is critical to the success of restoration efforts. The devel-
pment of container-grown seedlings, which were used in this
tudy, has increased the success of artificial regeneration when
ompared to attempts with bare-root seedlings (Barnett, 2002;
oyer, 1988; Rodríguez-Trejo et al., 2003; South et al., 2005). Gen-
rally, mortality of container-grown seedlings is highest in the first
ear after planting because seedlings must adjust to the new grow-
ng environment (Boyer, 1988; Haywood, 2005; Knapp et al., 2006),
nd mortality was highest during the first growing season (between
ay  and October 2008) in our study. However, previous studies

ave reported a wide range of survival rates for container-grown
ongleaf pine seedlings. For example, Palik et al. (1997) reported an
verage of 97% seedling survival one year after planting in canopy
aps that ranged from around 0.1 to 0.2 ha in southwestern Georgia.
n contrast, Rodríguez-Trejo et al. (2003) reported mean survival of
nly 25% for container-grown seedlings planted in canopy gaps and
ntact forests in another study located in southwestern Georgia.
esults from previous studies suggest that the early survival of
lanted longleaf pine seedlings is related to climatic conditions
uring establishment, with increased mortality during periods of
rought. Two studies in particular provide strong evidence of this
attern: the Rodríguez-Trejo et al. (2003) study planted seedlings

n 1998 and reported high rates of first-year mortality following
 year of drought, and McGuire et al. (2001) established a study
t the same location one year earlier, with planting in 1997. First-
ear survival was higher (50–70% survival) in the McGuire et al.
2001) study, but by the end of the second growing season (1998)
he survival had dropped to around 10%.

The role of drought in affecting longleaf pine seedling mortality
s further supported by evidence of a facilitation effect of canopy
ines on longleaf pine seedling survival (McGuire et al., 2001; Palik
t al., 2003). For example, Rodríguez-Trejo et al. (2003) reported
hat first-year seedling survival beneath uncut forest canopies
35.1%) was over twice that within large canopy gaps (15.4%). In a
tudy from northwest Florida, Gagnon et al. (2003) found that ini-
ial seedling survival was higher at the edge of canopy gaps (51%)
han at gap centers (23%) and that survival was negatively corre-
ated with exposure to photosynthetically active radiation (PAR).
acilitation from canopy trees has commonly been observed for
egeneration in dry or extreme habitats and is attributed to the
lleviation of unfavorably harsh conditions (Holmgren et al., 1997).
lthough longleaf pine is generally adapted to growing in dry envi-
onments, the additional stress of increased solar radiation may
educe seedling survival during drought years. Allen (1954) used
alm fronds to shade longleaf pine seedlings and found that shaded
eedlings had higher survival (83%) than exposed seedlings (27%)
fter one growing season on a dry sandy site in Mississippi. The
nnual precipitation in 2008 was similar to the 50-year mean for
ur study location, but the precipitation during the early months of
he growing season (May–June; 343 mm)  was 22% lower than the
0-year mean for that time period (441 mm),  suggesting that dry
onditions during seedling establishment may  have contributed to
arly mortality. Several findings from our study further support
hat canopy pines can facilitate longleaf pine seedling survival by
educing exposure to solar radiation. First, we observed gradually
ncreasing mortality rates as canopy removal increased from the
ontrol to the Clearcut treatments. Second, mortality was  higher in
ap centers than under the uncut forest canopy at gap edges. Third,
ortality was significantly higher in the northern half of gaps than

n the southern half of gaps. However, in a parallel study estab-

ished with the same experimental design and over the same time
eriod at Camp Lejeune, North Carolina, Hu et al. (2012a) found that
eedling survival was lowest on uncut Control plots and highest
n Clearcut plots three years after planting. Moreover, there were
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o effects of gap position on seedling survival (Hu, 2011). These
ontrasting results suggest that local site conditions or weather
atterns associated with different study locations may strongly
ffect longleaf pine seedling survival.

Longleaf pine seedlings are generally considered to be resis-
ant to mortality from low-intensity fires when in the grass
tage, but the specific interactions of fuel loads, fire intensity, and
eedling response are not well understood. Grace and Platt (1995a)
ttributed low densities of naturally regenerated seedlings beneath
anopy pines to hot fires that result from increased fuel loads from
ine litter deposits, and Boyer (1974) reported post-fire mortal-

ty rates of 41% for grass stage seedlings beneath canopy pines
ompared to 19% for released seedlings. In a recent study from
outhwestern Georgia, Jack et al. (2010) experimentally manipu-
ated fuel loads and found that high fuel loads resulted in more
ntense fires and higher seedling mortality than low fuel loads.
lthough our study was  not designed to test the effects of pre-
cribed fire on seedling mortality, we  observed that mortality in
he third growing season (following the 2009–2010 burns) was
igher than that in the second growing season. We  did not find a
ignificant effect of canopy density on incremental seedling mortal-
ty following the fire, but mortality on Control plots, where needle
itter would be high, appeared to be higher than that on other treat-

ents between 2009 and 2010 (Fig. 1A). In addition, incremental
eedling mortality was  higher on the untreated sub-plots than on
he H sub-plots. It is possible that the increased mortality was
elated to greater competition on untreated plots, but there was
o difference in incremental mortality the year before, suggesting
hat the higher incremental mortality on NT plots may  have been
elated to higher fuel loads and hotter fires on the untreated sub-
lots. Additional research is required to understand the effects of
orest management on fuels, fire behavior, and fire effects on under-
lanted longleaf pine seedlings, and such information is critical
or integrating harvesting or cultural treatments with fire manage-

ent.
In contrast to the facilitation effect of canopy pines observed

or seedling survival, the canopy treatment effects on root col-
ar diameter indicate competition between overstory and planted
rees. Given the intolerant nature of longleaf pine seedlings, such
rowth patterns are not unexpected, and many past studies have
emonstrated negative effects of canopy pines on longleaf pine
eedling growth (e.g., Boyer, 1963, 1993; Kirkman and Mitchell,
006; Mitchell et al., 2006; Palik et al., 1997; Pecot et al., 2007).
he relationship between longleaf canopy trees and seedlings has
een described by a negative exponential function (Mitchell et al.,
006; Palik et al., 1997), and Boyer (1993) reported drastic reduc-
ions in growth when canopy basal area exceeded 9 m2/ha. In
ur study, only the uncut Control treatment (16 m2/ha basal area)
xceeded this level of stand density, and the repeated measures
nalysis showed no measureable increase in seedling growth over
hree years on the Control plots. Mean root collar diameter in all
ther treatments increased over time, however, suggesting the
otential for early growth and eventual recruitment of longleaf
ine seedlings underplanted in association with these silvicultural
lternatives. In canopy gap treatments, mean seedling size was
o different from that within Clearcut plots, despite significant
ffects of gap position on seedling root collar diameter. Gener-
lly, we found that seedling root collar diameter increased from
he forest edge to 10 m within the gap, but seedling size was not
ignificantly different among positions within the gap interiors. In
anopy gaps of different sizes in southwestern Georgia, McGuire

t al. (2001) reported that seedling root collar diameter increased
p to 18 m from the forest edge, with no additional increases up
o 72 m from the forest edge. Similarly, Grace and Platt (1995b)
ound that seedling growth was negatively affected by canopy trees
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ithin distances of 15 m.  Our results corroborate those of previous
tudies that found that longleaf pine seedling growth is reduced
ear mature trees but increases within relatively short distance

rom the canopy.
We  found no effect of herbicide application on seedling root col-

ar diameter, in contrast to previous studies that report herbicides
o be an effective management practice for controlling competing
egetation and increasing seedling growth when applied as site
reparation (Addington et al., 2012; Knapp et al., 2006) or as over-
he-top release treatments (Freeman and Jose, 2009; Haywood,
000; Jose et al., 2010; Nelson et al., 1985; Ramsey et al., 2003).
owever, the effectiveness of herbicide treatments is dependent
n characteristics (e.g., composition and abundance) of the domi-
ant vegetation on the site and on the type of herbicide used. Jose
t al. (2010) tested the effects of four common herbicide treatments
sed in longleaf pine restoration (imazapyr, hexaninone, sulfome-
uron methyl, and hexazinone + sulfometuron methyl) on planted
eedlings and found that all treatments increased seedling root
ollar diameter except sulfometuron methyl alone. The imazapyr
reatment resulted in the greatest seedling volume growth, a result
hat was associated with better control of the dominant compet-
ng species on the site. Hu et al. (2012a) reported that control of

oody vegetation with imazapyr resulted in larger seedling root
ollar diameters in a study with a similar design to that used in
ur study, suggesting that differences in the vegetation compo-
ition or site characteristics between their study and ours may
ave been responsible for the different outcomes following her-
icide application. In our study, herbaceous vegetation dominated
he study sites, which was likely due to a recent history of pre-
cribed burning and the herbicide site preparation that was  applied
o control woody vegetation. Competition from herbaceous vegeta-
ion has been associated with reductions in longleaf pine seedling
ize in other studies (Berrill and Dagley, 2010; Haywood, 2005),
articularly on old-field sites with high abundances of herbaceous
egetation (Ramsey et al., 2003). It is possible that the lack of a
esponse of root collar diameter to herbicide release in our study
as related to differences in the site conditions, site/management
istory, or the initial abundance of vegetation on our study sites as
ompared to those of other studies.

Despite having no effect on seedling root collar diameter, the
erbicide treatment increased the percentage of seedlings in height
rowth two growing seasons after application. Generally, the emer-
ence of longleaf pine seedlings from the grass stage is believed to
e related to seedling size, with emergence occurring when the root
ollar reaches a diameter of around 25 mm (Boyer, 1990; Knapp
t al., 2006). However, Ramsey et al. (2003) reported that vegetation
ontrol treatments may  affect the timing of grass stage emer-
ence by making the resources necessary for growth more readily
vailable. The significant effect of herbicides on the percentage of
eedlings in height growth in this study also suggests that factors
n addition to root collar diameter may  affect seedling emergence.
dditional research is required to understand the mechanisms con-

rolling the emergence of longleaf pine seedlings from the grass
tage.

Longleaf pine forests commonly occur on sites with low
utrient-holding capacity, and fertilization is a common practice to

mprove the performance of other southern pines on such sites (e.g.,
aywood and Tiarks, 1990; Jokela et al., 2004). Previous studies
ave reported beneficial or marginally beneficial effects of fertili-
ers used in combination with competition control during longleaf
ine regeneration (Gagnon et al., 2003; Ramsey et al., 2003), but the

ffects were not easily attributable to the fertilizer alone because
he effects of competition removal could not be separated from
hose of fertilization. In fact, Ramsey et al. (2003) reported that
ertilizer alone resulted in lower survival and smaller root collar
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iameters than untreated control plots. Other studies have also
hown that fertilizers either had no effect or reduced longleaf pine
eedling survival and/or growth when compared to untreated sites
Bengtson, 1976; Haywood, 2007; Loveless et al., 1989). We  com-
ined fertilizer application with competition control to increase the
vailability of the nutrient amendments for longleaf pine seedlings
y reducing immediate uptake from competing vegetation, but we
id not observe benefits of the fertilizer treatment on longleaf pine
eedling response.

Our results demonstrate that longleaf pine establishment can
e successfully accomplished using several silvicultural practices,
uggesting a degree of flexibility for meeting different manage-
ent objectives of stand conversion. The traditional practice of

learcutting resulted in the greatest seedling growth but came
t the cost of seedling survival. As a result of high mortality,
nly 20% of the total number of seedlings planted were in height
rowth after three growing seasons, and only 40% of the planted
eedlings remained alive on clearcut plots. Landowner objec-
ives will largely determine the target stand density; for instance,
ine straw production requires higher stand densities than are
esirable for wildlife habitat or sawtimber production (South,
006). When high-density stands are desirable, managers may
ave to increase planting density to compensate for mortality on
learcut sites. However, interest in maintaining ecological func-
ion, maximizing biological diversity, and providing habitat for
xisting wildlife species often requires the retention of canopy
ines, and underplanting longleaf pine seedlings may  be a viable
ption for meeting such restoration objectives (Kirkman et al.,
007).

Underplanting is a technique that has been used in a variety
f systems to establish forest regeneration beneath an existing
anopy and is typically implemented either to increase the suc-
ess of regeneration or to maintain benefits from the existing
anopy (Paquette et al., 2006). Underplanting has not tradition-
lly been used for longleaf pine because of the species’ intolerance
o competition, but it may  be a viable option to reach cer-
ain management objectives (e.g., Brockway et al., 2005). The
etention of canopy pines during longleaf pine regeneration is
xpected to help maintain ecosystem function by providing pine
eedles as a fuel source for fire management (e.g., Kirkman
t al., 2007; Mitchell et al., 2006, 2009), limiting the release and
rowth of hardwood species (e.g., Jack et al., 2006; Kirkman and
itchell, 2006; Mitchell et al., 2006), reducing the growth poten-

ial of natural loblolly pine regeneration (Knapp et al., 2011), and
mproving planted seedling survival (e.g., Gagnon et al., 2003;

cGuire et al., 2001; Rodríguez-Trejo et al., 2003). Moreover,
etaining canopy pines can allow managers to reach multiple man-
gement objectives that may  include maintaining the esthetic
alue of the existing forest or fulfilling habitat requirements for
ildlife (including the federally endangered red cockaded wood-
ecker).

Similar to the results of Hu et al. (2012a), we  found essentially
o growth of longleaf pine seedlings underplanted in uncut loblolly
ine forests with canopy basal areas of around 16 m2/ha, suggest-

ng that some degree of canopy removal is necessary for eventual
eedling recruitment. Recent research reports discuss the poten-
ial application of single-tree selection methods for longleaf pine
stablishment within existing longleaf pine forests (Kirkman and
itchell, 2006; Pecot et al., 2007), describing a three-stage model

n which high levels of canopy retention (>17 m2/ha basal area)
rohibit seedling recruitment, moderate levels (9–17 m2/ha basal

rea) reduce seedling growth, and low levels (<9 m2/ha basal area)
esult in seedling recruitment over time (Mitchell et al., 2006). Our
esults indicate that single-tree selection harvests that reduce basal
rea to moderate levels in loblolly pine stands (5–9 m2/ha basal
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rea) do not preclude seedling establishment, although growth is
educed by increasing the amount of canopy retention. By focusing
anopy removal within localized areas in a stand, group selec-
ion provides an alternative method for reducing canopy density
nd may  be favored for the greater longleaf pine seedling growth
otential within gap centers. Previous studies have recommended
anopy gaps of 0.1–0.2 ha for longleaf pine establishment in lon-
leaf pine forests (Brockway and Outcalt, 1998; McGuire et al.,
001), and our results indicate that similar-sized canopy gaps in

oblolly pine forests result in increased growth in gap centers. To
educe the negative effects of high incident radiation on seedling
urvival, Rodríguez-Trejo et al. (2003) suggested that oval-shaped
aps oriented northwest to southeast may  increase survival rates
ith minimal effects on seedling growth. Given the higher mortal-

ty rates observed on the north half of canopy gaps in our study,
dditional research on canopy gap shape and orientation could
esult in improved longleaf pine seedling establishment in loblolly
ine forests as well.

. Conclusions

Silvicultural treatments are prescribed in accordance with spe-
ific management objectives, and our results demonstrate that
everal silvicultural treatments may  be used to establish longleaf
ine seedlings in loblolly pine stands. Managers can maximize
lanted longleaf pine seedling growth by clearcutting the exist-

ng canopy but risk high seedling mortality, especially in drought
onditions. In contrast, variable canopy retention has been rec-
mmended in longleaf pine forests that are managed to promote
cosystem function and can provide additional value from esthet-
cs, wildlife habitat, and other ecological services. To meet such
bjectives in loblolly pine stands, we recommend using single-
ree selection to reduce basal area to moderate levels (residual
asal areas of 5–9 m2/ha) or group selection to create small
anopy openings (0.1 ha). However, these treatments do not have
o be applied uniformly throughout a stand; integrating these
arvesting methods into a variable retention approach provides
anagers with flexibility to control the spatial distribution of

anopy retention and canopy openings. Such an approach may  be
articularly useful in stands that support red-cockaded woodpeck-
rs; in some cases, RCW habitat requirements may  restrict either
he allowable density or spatial arrangement of residual trees fol-
owing harvest (U.S. Fish and Wildlife Service, 2003), and variable
anopy retention may  be used to localize longleaf pine regener-
tion in areas that are compatible with stand-level management
eeds.

Land managers implementing canopy retention should antic-
pate that seedling growth will be reduced by the presence of
anopy pines, but longleaf pine seedlings can become established
rovided that hardwood encroachment and natural loblolly pine
egeneration are limited by frequent fire management. Although
e found that herbicides did not improve seedling root collar

rowth in our study, sites with aggressive herbaceous or woody
ompetition may  require herbicide release for seedling establish-
ent. Furthermore, it is important to consider how silvicultural

ractices affect other ecosystem components during restoration,
ncluding the ground layer vegetation, effects of treatments on
uel loads and fuel continuity, and the ability of land managers to
ffectively apply prescribed fires. Additional research is required
o refine our understanding of the comprehensive effects of forest
anagement on these ecosystem responses and to determine the
ong-term effects of canopy and cultural treatments on the devel-
pment of artificially regenerated longleaf pine in a restoration
ontext.
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