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Introduction

In the southeastern United States, longleaf pine (Pinus
palustris) ecosystem restoration is a common objective for
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Abstract

Questions: How do management practices used to enhance longleaf pine (Pinus
palustris) seedling survival and growth under a loblolly pine (Pinus taeda) canopy
alter the structure of midstorey and ground layer vegetation? Do management
treatments achieve general restoration targets for longleaf pine ecosystem
structure?

Location: Marine Corps Base Camp Lejeune, NC, USA within the Middle Atlan-
tic Coastal Plain Ecoregion.

Methods: Four levels of timber harvest were applied to loblolly pine stands:
Control (uncut, basal area ~16.2 m*ha '), MedBA (residual basal area
~9.0 m*ha™'), LowBA (residual basal area ~6.4 m*ha~') and Clearcut (resid-
ual basal area of 0 m*-ha'). Within each canopy treatment, we applied three
cultural treatments selected to facilitate longleaf pine seedling success: NT (un-
treated), H (chemical control of woody vegetation) and H + F (chemical control
plus fertilization). Vegetation responses, including the abundance (cover) of
ground layer vegetation and midstorey stem densities, were reported for three
growing seasons (2008-2010) following canopy removal.

Results: The ground layer was dominated by woody vegetation, and total vege-
tation cover generally increased with increasing canopy removal. Canopy treat-
ment effects varied through time. Clearcut plots had higher total herbaceous
and graminoid cover than MedBA and Control plots in 2008, while woody cover
was significantly lower on Control plots than on LowBA and Clearcut plots in
2009. Clearcut plots had higher densities of loblolly pines than Control plots in
2009 and 2010. The herbicide treatment reduced hardwood densities, but
increased loblolly pine densities, especially in 2010.

Conclusions: Successful restoration prescriptions are often site-specific because
of different land-use history, climate, site characteristics and starting conditions.
To achieve the restoration objective of creating an open midstorey with an
herbaceous-dominated ground layer when converting loblolly pine stands to
longleaf pine dominance on relatively productive sites with abundant hard-
woods and aggressive loblolly pine natural regeneration, canopy retention can
slow the rate of development of loblolly pine regeneration and herbicides reduce
hardwood stem densities. Frequent, repeated burning would likely be required
to further reduce woody vegetation and increase the relative abundance of
herbaceous vegetation.

many forest landowners. Logging, land-use changes and
fire exclusion and suppression reduced the extent of his-
torically dominant longleaf pine ecosystems to approxi-
mately 2.2% (or 1 million ha) of the acreage prior to
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European settlement (Wahlenburg 1946; Frost 1993,
2006; Oswalt et al. 2012). Many upland sites suitable for
longleatf pine were reforested with faster-growing species,
such as loblolly pine (Pinus taeda), which coincided with
anthropogenic disruption of frequent fire regimes common
to southern pine forests (Frost 2006). Consequently, the
stand structure of the resulting second-growth loblolly
pine forests commonly included a dense canopy of loblolly
pine, a well-developed shrub/midstorey layer and sparse
herbaceous ground layer vegetation (Hedman et al. 2000).
In contrast, the structure of longleaf pine forests is gener-
ally characterized as a variable canopy dominated by lon-
gleaf pine, an open midstorey layer and a grass-dominated,
species-rich herbaceous ground layer (Walker 1993;
Landers et al. 1995; Peet 2006).

Restoration targets for longleaf pine ecosystems
commonly include certain compositional and structural
attributes (e.g. establishing longleaf pine trees, reducing
midstorey abundance, increasing the abundance
and diversity of herbaceous vegetation), as well as re-
establishing frequent fire as a disturbance process (Walker
& Silletti 2006; Martin & Kirkman 2009). Objectives for
structural restoration in the longleaf pine ecosystem are
rarely specified, as they are variable in time and space.
Consequently, early restoration efforts were mostly direc-
ted toward establishing longleaf pine as a future canopy
species by afforestation on non-forested sites or conver-
sion on sites occupied by other forest types. Conventional
regeneration methods involving clear-cutting, site prepa-
rations and planting have generally been etfective for the
establishment of longleaf pine (Boyer 1988; Brockway
et al. 2006; Knapp et al. 2006). However, the effects of
practices intended to maximize the desired response of
one restoration objective (e.g. longleaf pine seedling
establishment) must also be evaluated for impacts on
other restoration objectives (e.g. vegetation response or
ability to manage with fire). Treatments designed to
improve conditions for planted longleaf pine seedlings,
such as site preparation or release, may simultaneously
favour objectives related to ground layer vegetation (e.g.
Freeman & Jose 2009) or, conversely, may result in unde-
sirable responses.

A recently developed restoration model for converting
slash pine (Pinus elliottii) plantations to longleaf pine sug-
gests that retaining canopy pines during longleat pine
seedling establishment can maintain continuity of ecosys-
tem processes during restoration (Kirkman et al. 2007).
The fuel inputs provided by needle-fall from the existing
canopy pines are important for introducing or maintaining
frequent fire regimes in longleaf, slash and loblolly pine
forests (Kirkman et al. 2007; Mitchell et al. 2009; Knapp
et al. 2011). Several studies have shown that longleaf pine
seedlings are capable of establishing beneath canopies of

Applied Vegetation Science

Silvicultural effects on vegetation

longleaf pine (Palik et al. 1997; Pecot et al. 2007), slash
pine (Kirkman et al. 2007) and loblolly pine (Hu et al.
2012a; Knapp et al. 2013), although seedling growth is
reduced by the retention of canopy trees. However, the
regeneration and development of undesirable tree species
in the midstorey may also be slowed by canopy retention
(Kirkman et al. 2007; Jack et al. 2010; Knapp et al. 2014).
A recent study at Fort Benning in Georgia and Alabama
found that retaining low to moderate levels of canopy den-
sity may provide an effective balance for maintaining
desirable vegetation structure and creating fuel conditions
for a frequent fire regime during conversion of loblolly
pine stands to longleaf pine dominance (Knapp et al.
2014).

The outcomes of restoration treatments are likely to
vary in magnitude or effect according to local site factors or
the initial condition of the vegetation community (Brudvig
& Damschen 2011). Previous studies within longleaf pine
forests have demonstrated the importance of site charac-
teristics, such as soil texture or moisture, in affecting pro-
ductivity or composition of vegetation (Gilliam et al. 1993;
Mitchell et al. 1999; Kirkman et al. 2001, 2004). Regional
variation associated with soils, climate and historic bio-
geography may signal regional variation in responses to
management. Restoration studies, particularly those using
partial retention approaches in the longleaf pine ecosys-
tem, have been conducted in very few locations in the
southeastern US (e.g. Palik et al. 1997; Pecot et al. 2007),
with none in the Atlantic Coastal Plain Ecoregion. Progress
toward a general restoration model will require a compre-
hensive understanding of system responses across the
range of starting conditions, both natural and anthro-
pogenic, at broad (e.g. ecoregional) as well as local spatial
scales.

To fill a gap in our understanding of regional variation
in responses to restoration management protocols, we
established this field experiment in the Middle Atlantic
Coastal Plain near the northern range of the longleaf
pine ecosystem. We investigated management to gradu-
ally convert loblolly pine forest to longleaf pine domi-
nance using partial canopy retention. Treatments
designed to facilitate longleaf pine seedling establishment
were evaluated for their effects on underplanted longleaf
pine seedlings (Hu et al. 2012a,b), fuels and fire beha-
viour (Knapp et al. 2011) and, in this study, the struc-
ture and composition (by selected plant groups) of
ground layer and midstorey vegetation. The specific
objectives of this paper are to report how four canopy
and three cultural treatments affect: (1) ground layer
vegetation cover of selected functional groups; and (2)
the density of three midstorey woody stem groups in
loblolly pine stands on moderately well- to well-drained
sites at Camp Lejeune, NC.
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Methods
Study area

This study was conducted at the United States Marine
Corps Base Camp Lejeune (Camp Lejeune) in Onslow
County, NC (~34.68° N, 77.33° W). The study area is
located within the Atlantic Coastal Flatlands Section of the
Outer Coastal Plains Mixed Forest Province (Bailey 1995)
and falls within the White Oak watershed in Onslow
County, as defined by the North Carolina Department of
Water Quality (USMBC Camp Lejeune 2006). The climate
is classified as warm humid temperate with hot, humid
summers and mild winters. Mean annual temperature is
16 °C, and annual precipitation averages 1420 mm and is
evenly distributed throughout the year with a slight
increase from Jun to Sept (National Climatic Data Center,
Asheville, NC, US). The study sites are on moderately well-
to well-drained soils with low to moderate water-holding
capacity and low nutrient-holding capacity (Barnhill
1992). Texture and nutrient content of soils in each block
are described in Appendix S1.

Based on Camp Lejeune’s Integrated Natural Resource
Management Plan (INRMP) and communications with
local forest managers, the study locations were selected on
sites that were historically longleaf pine communities but
are currently occupied by other species, such as loblolly
pine. We selected seven mature loblolly pine stands as
replication blocks. Four blocks (Blocks 1-4) were located
in loblolly pine plantations that were established in 1971,
with mean DBH ranging from 26.4 to 33.9 cm. The
remaining blocks (Blocks 5-7) were located in loblolly pine
stands that were established around 1945, with mean DBH
ranging from 38.7 to 44.3 cm. None of the blocks had been
managed with frequent fire in the past few decades. Prior
to treatment application, midstories were dominated by
sweetgum  (Liquidambar  styraciflua), ranging from
4900 stems-ha™! in Block 2 to 14 300 stems-ha™ ' in Block
7. The cover of ground layer vegetation prior to study
establishment (in 2006) was dominated by woody vegeta-
tion (Appendix S2; USMCB Camp Lejeune 2006).

Experimental design

The study used a randomized complete block, split-plot
design, with the location of individual loblolly pine stands
used as the blocking factor. Each block consisted of four
whole plot treatments that included different levels of tim-
ber harvest in which residual canopy trees were distributed
approximately uniformly within each whole plot: Control
(uncut, mean basal area of 16.2 m*ha™'), MedBA (har-
vest to a residual basal area of 9.0 m*ha™'), LowBA (har-
vest to a residual basal area of 6.4 m*ha ') and Clearcut
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(complete canopy removal). Whole plots were
100 x 100 m (1 ha) with the exception of Clearcut plots,
which were 141 x 141 m (2 ha) to create clearcut condi-
tions in the plot centre. Small trees were marked for
removal in the timber harvest, thus favouring the reten-
tion of large, vigorous trees. Harvesting was completed in
all blocks between Feb and May 2007. We measured resid-
ual basal area following harvest and found that the LowBA
and MedBA treatments in two blocks (Blocks 3 and 4)
were similar, so both were considered to be the same
canopy treatment (LowBA). In addition, we abandoned
one canopy treatment plot (LowBA in Block 4) in 2010
due to conflicts with military training. As a result, we used
data from seven blocks and 27 canopy treatment plots for
analyses in this study.

Following timber harvest, all study sites were mechani-
cally prepared by mulching all standing midstorey vegeta-
tion with a Fecon Bull Hog® rotary mulcher in the
summer of 2007 and by prescribed burning in autumn
2007. One-year-old container-grown longleaf pine seed-
lings were planted by hand in Dec 2007 at a spacing of
1.8 x 3.0 m (approximate 1800 seedlings-ha™'). Because
re-introducing frequent fire into these stands was consid-
ered a critical part of restoration, all study areas were
burned with dormant season prescribed fire between the
second and third growing seasons (Jan to Mar 2010). Thus,
the 2007 site preparation mulching/prescribed burning
and the 2010 dormant season prescribed burns were
applied as operational treatments and were not included as
study treatments.

The split-plot treatments, hereafter referred to as cul-
tural treatments, included additional practices designed to
maximize longleaf pine seedling establishment and early
growth by increasing resources directly (fertilization) or
indirectly (competition control). The cultural treatments
included an untreated control (NT), woody competition
control with herbicides (H) and competition control with
herbicides plus fertilization (H + F). Each whole plot was
divided into four equal sections and three of the sections
were randomly selected for cultural treatment applica-
tion. Within each section, cultural treatments were
applied to a 30 x 30 m area centered on a 20 x 20 m
measurement area. The herbicide treatment included
4.8 g acid equivalent1™! of imazapyr applied in a 1%
solution with 1/4% non-ionic surfactant applied as a
direct foliar application to target woody vegetation in Oct
2008. The H + F treatment included the herbicide treat-
ment described above as well as an application of 10-10-
10 NPK granular fertilizer evenly broadcast at a rate of
280 kg-ha ! in early May 2009. A detailed timeline of all
treatments applied during the study period is shown in
Fig. 1.
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The first
growing season
data collection
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growing season prescribed fire growing season application application

data collection

data collection

Fig. 1. Timeline of treatment application and data collection during the study period. The shapes in the diagram indicate the type of treatment: rectangles
indicate study treatments, hexagons indicate management practices used on all study areas, and ellipses indicate data collection periods.
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Fig. 2. lllustration of the whole plot and split-plot layout and the sampling design used to quantify cover of the ground layer vegetation (<1-m tall) and

midstorey stems (>1-m tall but <4 cm DBH).

Data collection

In each split-plot, we established two parallel, 20-m tran-
sects, with the starting location of each transect randomly
located (Fig. 2). Along each transect, we then randomly
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locatedten 1 x 1 m sampling quadrats. We did not sample
near the ends of each transect to avoid the potential distur-
bance to the vegetation caused by transect establishment
and plot layout. At each sampling location, we established
al x 1 m sampling quadrat and recorded visual estimates
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of the percentage cover of all vegetation <I1-m tall that
overlapped the area within the quadrat. We estimated
cover as the percentage of the plot that would be covered
by vegetation when viewed from directly overhead. Cover
was recorded using North Carolina Vegetation Survey
cover classes (Peet et al. 1998): 1 = trace, 2 = 0-1%,
3=12%, 4=2-5%, 5=5-10%, 6 = 10-25%, 7 = 25—
50%, 8 = 50-75%, 9 = 75-95% and 10 = 95-100%, and
total cover for a quadrat could sum to more than 100% if
vegetation overlapped. We estimated cover by functional
group (graminoids including grasses, rushes, sedges; forbs;
and woody species including shrubs, trees, woody vines).
Cover of ground layer vegetation was recorded in Jul and/
or Aug in each year after harvest (2008-2010).

To determine the density of midstorey woody stems
(>1-m tall but <4 cm DBH), we used each transect as the
centre of a 2-m wide sampling belt (I m on each side of
the transect). Within each belt transect, we tallied all
woody stems by species.

Data analysis

Cover data were converted to the mid-point of each class
for analyses. We also calculated the relative abundance of
woody and herbaceous vegetation as follows:

Relative abundance of woody vegetation = (woody
cover/total cover) x100%;

Relative abundance of herbaceous vegetation =
[(graminoid cover + forb cover)/total cover] x 100%.

Midstorey stem densities were compiled and analysed in
three species groups: Rubus spp., loblolly pines and hard-
wood species [e.g. sweetgum, oaks (Quercus spp.), sweet-
leaf (Symplocos tinctoria)]. All variables were averaged at the
split-plot level by year for statistical analyses.

An ANOVA (2008 data) and split-plot ANOVA (2009
and 2010 data) were used to determine the effects of
canopy (whole plot) and cultural (split-plot) treatments on
the cover of total vegetation, woody vegetation, herba-
ceous vegetation, graminoids and forbs, relative abun-
dances of both woody and herbaceous vegetation and
midstorey stem densities of Rubus spp., loblolly pines and
hardwood species during each growing season. To deter-
mine the change in vegetation cover and midstorey stem
density through time, we conducted a repeated measures
ANOVA using only NT split-plot data because cultural
treatments were not installed until 2009 (Fig. 1). The anal-
yses used for each variable are specified in Appendix S3.

For each ANOVA test described above, we used transfor-
mations as necessary to satisfy assumptions of constant
variance and normality (Krebs 1999). All analyses were
performed using PROC MIXED in SAS9.1 (SAS Institute,
Cary, NC, US) with mixed models and a random block
effect. Tukey’s honestly significant difference (HSD) test
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was used to determine differences in pair-wise compar-
isons among the canopy and cultural treatments for each
variable. The level of statistical significance was set at
o = 0.05.

Results
Treatment effects on ground layer vegetation cover

There was no interaction between the canopy and cultural
treatment effects on the cover of each functional group or
the relative abundance of woody and herbaceous vegeta-
tion in either 2009 (P> 0.087) or 2010 (P> 0.222;
Appendix S4). Canopy treatment effects were detected for
total, herbaceous and graminoid cover in 2008, total and
woody cover in 2009, and total cover in 2010 (P < 0.029;
Table 1). In the 2008 growing season, both Clearcut and
LowBA plots had higher total cover than Control plots

Table 1. Covers (%) of total vegetation, woody vegetation, herbaceous
vegetation, graminoids, forbs and relative abundances (%) of woody and
herbaceous vegetation by canopy treatment. Means are followed by SE in
parenthesis. Means with the same letter within each year indicate no signif-
icant difference (o« = 0.05).

Canopy Control MedBA LowBA Clearcut
treatment
Cover
Total
2008 50.7b(3.7) 62.9ab (8.1) 70.7a(5.1) 76.7a(3.7)
2009 42.7 b (5.4) 54.4 ab (8.0) 69.52a(6.2) 76.8a(7.5)
2010 30.5b(3.4) 384b(5.3) 54.6 ab (5.4) 58.8a(3.7)
Woody
2008 31.3a(1.4) 450a(7.0) 44.1a4.4)  43.8a(5.0)
2009 27.9b(4.1) 42.1ab (6.7) 48.0a (5.2 47.5a(4.9)
2010 20.8a (3.0) 27.2a(5.5) 41.8a(5.4)  40.2a(4.0)
Herbaceous
2008 19.4b (2.5) 17.8b (3.8) 26.6ab (2.9) 329a(4.8)
2009 14.8a(2.6) 123a(2.5) 215a(27) 293al(6.1)
2010 9.7a(1.5) 11.2a(2.0) 12.8a(2.7) 18.6a(3.2)
Graminoids
2008 15.8b (2.3) 162b((37) 21.6ab(25 26.6a(3.3)
2009 9.6a(1.8) 7.7a(2.1) 15.0a (2.5) 233a(5.1)
2010 7.5a(1.4) 73a(0.9) 93a(20) 143a(2.5)
Forbs
2008 3.6a(0.9) 1.6a(0.4) 5.0a(1.9) 63a(1.9)
2009 52a(1.7) 4.6a(1.8) 6.5a(1.6) 6.0a(1.5)
2010 22a(0.4) 39a(1.7) 35a(1.1) 43a(1.0)
Relative abundance
Woody
2008 65.9a(3.8) 713a(6.2) 633a(4.1) 57.8a(5.6)
2009 62.0a(5.4) 73.2a(4.6) 68.83a(3.4) 64.23a(5.4)
2010 66.52a (4.9) 62.0a (7.0) 73.9a(3.7) 67.1a(6.0)
Herbaceous
2008 34.1a(3.8) 287 a(6.2) 36.7 a (4.1) 42.2a(5.6)
2009 38.0a(5.4) 26.8 a (4.6) 31.2a(3.4) 358a(5.4)
2010 33.5a(4.9) 38.0a(7.0) 26.1a(3.7) 32.9a(6.0)
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(P < 0.006), and Clearcut plots had higher herbaceous
cover and graminoid cover than Control and MedBA plots
(P < 0.040). In the 2009 growing season, both Clearcut
and LowBA plots had higher total cover and woody cover
than Control plots (P < 0.046). In the 2010 growing sea-
son, Clearcut plots had higher total cover than Control and
MedBA plots (P < 0.032). However, neither woody species
relative abundance (P > 0.154) nor herbaceous relative
abundance (P > 0.112) was affected by canopy treatment
through the first three growing seasons (Appendix S5).
Cultural treatments significantly affected the cover of
each functional group except herbaceous cover in 2009,
and herbaceous, graminoid and forb cover in 2010
(P > 0.120; Table 2, Appendix S4). In 2009, the cover of
total  vegetation (P <0.001), woody vegetation
(P < 0.001), graminoids (P < 0.002) and the relative abun-
dance of woody vegetation (P < 0.002) was higher in NT
plots than in H and H + F plots. In contrast, forb cover
(P<0.004) and herbaceous relative abundance
(P <0.009) were lower in NT plots than in H and H + F
plots. In 2010, NT plots had higher total cover (P < 0.001)
and woody cover (P < 0.001) than H and H + F plots. All
plots had higher relative abundance of woody cover than
herbaceous cover, but the relative abundance of woody

Table 2. Covers (%) of total vegetation, woody vegetation, herbaceous
vegetation, graminoids, forbs and relative abundances (%) of woody and
herbaceous vegetation by cultural treatment. Means are followed by SE in
parenthesis. Means with the same letter within each year indicate no signif-
icant difference (o = 0.05).

Cultural treatment NT H H+F
Cover
Total
2009 81.6a(5.1) 52.0b (5.4) 51.3Db (6.5)
2010 61.0a(3.9) 39.0b (4.0) 393b(4.3)
Woody
2009 60.7 a (3.4) 33.9b(4.2) 30.0b (4.1)
2010 48.6a(3.6) 24.9b (3.6) 263D (4.0)
Herbaceous
2009 20.8a(3.2 18.1a(3.2) 21.3a(4.2)
2010 12.5a(2.0) 14.1a(2.4) 13.0a(2.4)
Graminoids
2009 18.7a(3.0) 11.2b (2.5) 13.4b (3.4)
2010 10.3a(1.8) 9.9a(1.6) 9.1a(1.9)
Forbs
2009 2.1b(0.6) 7.0a(1.7) 7.9a(1.5)
2010 22a(0.4) 4.2a(1.1) 39a(1.1)
Relative abundance
Woody
2009 77.1a(2.6) 62.9b (4.8) 59.9b (4.0)
2010 80.1a(2.6) 60.3b (5.0 63.6b (4.8)
Herbaceous
2009 22.9b (2.6) 37.1a(4.8) 40.1a (4.0)
2010 19.9Db (2.6) 39.7a(5.0) 36.4a(4.8)

Silvicultural effects on vegetation

cover was significantly larger in NT plots than in H and
H + Fplots (P < 0.002; Appendix S5).

Treatment effects on midstorey stem density

Canopy treatments did not affect midstorey Rubus spp.
density in any growing season (P > 0.413; Table 3,
Appendix S6). The Clearcut treatment resulted in higher
loblolly pine densities than the Control treatment during
the 2009 (P = 0.007) and 2010 (P = 0.004) growing sea-
sons. Hardwood stem density in LowBA plots was higher
than in Control plots during the 2008 growing season
(P =0.032), an effect not observed in subsequent years.
No interaction was detected between the canopy and
cultural treatments for any species group in either 2009
(P> 0.802) or 2010 (P > 0.517). The responses of mid-
storey stem densities to cultural treatments varied by
year (Table 4). In 2009, hardwood stem density was
higher on NT plots than on H and H + F plots
(P < 0.001), but cultural treatments had no effect on
stem densities of Rubus spp. (P = 0.576) or loblolly pines
(P =0.169; Appendix S6). In 2010, Rubus spp. density
was lower on NT plots than on H + F plots (P = 0.017);
NT plots had higher hardwood stem density (P < 0.020)
but lower loblolly pine density (P < 0.001) than H and
H + F plots.

Changes in ground layer and midstorey vegetation
through time

Results from the repeated measures analyses indicated that
the cover of total vegetation, woody vegetation, herba-
ceous vegetation, graminoids and forbs, as well as the rela-
tive abundances of woody and herbaceous vegetation,

Table 3. Densities (stems-ha~") of midstorey Rubus spp., loblolly pines
and hardwood species by canopy treatment. Means are followed by SE in
parenthesis. Means with the same letter within each year indicate no signif-
icant difference (o = 0.05).

Canopy Control MedBA LowBA Clearcut
treatment
Rubus spp.
2008 422a(18) 100 a (90) 203 a (106) 95 a (50)
2009 71 a (44) 0a(0) 141 a (96) 30a(21)
2010 280 a (140) 833 a(534) 745a (246)  494a(223)
Loblolly pines
2008 12a(12) 275 a (195) 193a(146) 321a(161)
2009 125b (68)  1500ab (622) 1385ab (371) 2631 a (494)
2010 387b(247) 1167 ab (570) 2729 ab (780) 5149 a (1266)
Hardwood species
2008 1792b (502) 2408 ab (841) 3646 a(732) 2393 ab (481)
2009 1065a (403)  1492a(608)  1974a(600) 1768 a (632)
2010 673a(216)  1242a(505) 1880a(613) 1268 a (405)
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Table 4. Densities (stems-ha~") of midstorey Rubus spp., loblolly pines
and hardwood species by cultural treatment. Means are followed by SE in
parenthesis. Means with the same letter within each year indicate no signif-
icant difference (o0 = 0.05).

Cultural treatment NT H H+F
Rubus spp.
2009 79 a (41) 97 a (84) 28a(17)
2010 144 b (70) 718 ab (255) 866 a (313)
Loblolly pines
2009 1093 a (280) 1338a(374) 1778 a (490)
2010 1097 b (371) 2870 a (927) 3412a(919)
Hardwood species
2009 4588 a (474) 125 b (45) 74b (30)
2010 3463 a (484) 181 b (62) 227 b (104)
(@ 100 ® Total
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Fig. 3. (a) Covers (%; mean + 1 SE) of total vegetation, woody vegetation,
herbaceous vegetation, graminoids and forbs, and (b) relative abundances
(%) of woody and herbaceous vegetation through time. The same letter in
each functional group indicates no significant difference (o = 0.05) among
years.

each changed through time (P < 0.041), with no interac-
tions between year and treatment effects (P> 0.130;
Appendices S4 and S5). However, the changes of these
functional groups through three growing seasons differed
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(Fig. 3). For example, total cover significantly increased
from 2008 to 2009 (P < 0.001), but total cover in 2010 was
not significantly different from cover in 2008 (P = 0.821)
due to a significant decrease from 2009 to 2010
(P <0.001). Woody cover significantly increased from
2008 to 2009 (P < 0.001) and remained significantly dif-
ferent between 2008 and 2010 (P < 0.001), despite a sig-
nificant decrease from 2009 to 2010 (P < 0.001). In
contrast, the cover of herbaceous vegetation and the cover
of graminoids did not significantly change from 2008 to
2009 (P > 0.207) but significantly decreased from 2009 to
2010 (P <0.003), resulting in significant decrease from
2008 to 2010 (P <0.001). Forb cover significantly
decreased from 2008 to 2009 (P = 0.033), but forb cover in
2010 was not significantly different from cover in 2008
(P =0.486) or 2009 (P = 0.458; Fig. 3a).

Regardless of the treatment applied, woody vegetation
dominated the ground layer and contributed over 60% of
the total cover through the first three growing seasons.
Woody species relative abundance significantly increased
from 2008 to 2009 (P < 0.001) and did not further change
in 2010. Herbaceous relative abundance showed the
inverse pattern, significantly decreasing from 2008 to 2009
(P <0.001) and maintaining this decrease in 2010
(P < 0.001; Fig. 3b).

The midstorey Rubus spp. density did not change
through three growing seasons (P = 0.795; Fig. 4a,
Appendix S6). Hardwood stem density significantly
increased from 2008 to 2009 (P = 0.003) but then
decreased from 2009 to 2010 (P = 0.007; Fig. 4a). Loblolly
pine density significantly changed through time, but there
was an interaction between treatment and year effects
(P = 0.007; Fig. 4b). Loblolly pine density did not change
through time in MedBA and Control plots (P > 0.146).
However, loblolly pine density significantly increased from
2008 to 2009 in LowBA and Clearcut plots (P < 0.047) and
remained significantly different between 2008 and 2010
(P <0.036).

Discussion
Effects of canopy treatments on sub-canopy vegetation

Previous studies from a variety of ecosystems have gener-
ally indicated that canopy removal results in short-term
increases in the abundance of ground layer plants, largely
due to increases in plant resource availability (e.g. Platt
et al. 2006; Ares et al. 2009; Ruwanza et al. 2013). For
example, in 28- to 31-yr-old longleaf pine plantations at
the Savannah River Site of South Carolina, Harrington
(2011) found that cover of herbaceous and woody plants
both increased following experimental reductions of about
half of the canopy density. Results from our study show a
similar general increase in vegetation cover following
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canopy removal, although response patterns differed
across functional groups and through time.

Longleaf pine restoration generally targets increased
herbaceous vegetation in the ground layer, but previous
studies on gap-based longleaf pine management showed
that canopy removal also resulted in the release and rapid
growth of woody plants (Jack et al. 2006; Kirkman et al.
2007; Pecot et al. 2007). Similar results were found in
loblolly pine stands in Georgia and Alabama, where clear-
cut plots (1222 stems-ha ') had higher densities of woody
stems than uncut plots (42 stemsha ') in the mid-
storey after three growing seasons following harvest
(Knapp et al. 2014). Our study resulted in higher densities
of midstorey stems after three growing seasons, with
nearly 6500 stems-ha™' in Clearcut plots and over
1000 stem-ha ! in uncut plots. The development of a
dense midstorey layer following canopy removal threatens
the objectives of an open stand structure during longleaf
pine restoration, suggesting that additional treatments for
woody vegetation control may be warranted in such cases.

Interestingly, we found that canopy treatment etfects
differed between naturally regenerated loblolly pines and
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hardwood species in our study, and it is likely that the
mulching treatment used for site preparation affected the
response patterns we observed. Mulching treatments are
generally effective at initially reducing midstorey densities
but have transient effects on hardwood species that
resprout and grow quickly (Brockway et al. 2009; Outcalt
& Brockway 2010). It is probable that rapid growth follow-
ing resprouting allowed hardwood stems to reach the
height threshold of >1 m for midstorey stems in our study,
regardless of possible growth reductions due to canopy
density levels. In contrast, loblolly pines in the midstorey
originated from seed, and thus increased through time and
demonstrated a pattern of higher abundance with lower
canopy density.

Canopy removal increased the cover of herbaceous veg-
etation, predominantly in the graminoid group, in 2008.
This transient response is likely attributed to the domi-
nance of woody vegetation, which increased in relative
abundance from 2008 to 2009. Development of woody
vegetation in the midstorey through time can limit the
abundance of herbaceous vegetation following canopy
removal through competition for light and accumulation
of a litter layer on the forest floor (Hiers et al. 2007; Pecot
et al. 2007; Harrington 2011).

Effects of cultural treatments on sub-canopy vegetation

Herbicides have been reported to be an effective technique
to rapidly change vegetation structure by reducing woody
stem density and improving opportunities for fire manage-
ment during longleaf pine restoration (e.g. Welch et al.
2004; Freeman & Jose 2009; Haywood 2009; Jose et al.
2010; Addington et al. 2012). Similar to previous studies,
treatments that included herbicides in our study (H and
H+F) significantly reduced the cover of woody plants in
the ground layer without affecting the total cover of herba-
ceous plants, resulting in the observed increase in the rela-
tive abundance of herbaceous vegetation with herbicide
use. Previous studies within longleaf pine forests reported
that imazapyr has been used successtully to control hard-
woods with beneficial (Welch et al. 2004; Freeman & Jose
2009) or neutral (Jose et al. 2010) effects on herbaceous
species cover. On Tall Timbers Research Station in Florida,
Welch et al. (2004) found significant increases in forb
cover but no effect on graminoid cover 1 yr after applying
imazapyr. Similarly, we detected a short-lived increase in
forb cover in the first year after application, but we also
observed a concurrent decrease in graminoid cover. These
results suggest that the herbicide treatment might shift the
composition of herbaceous vegetation toward forb species,
but the effect we observed was transient.

Our results suggest that chemical control of hardwood
stems may simply shift the composition of midstorey stems
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from hardwoods to naturally regenerated loblolly pines.
Therefore, the benefits of herbicide application may be best
realized if the treatment is combined with effective control
of loblolly pine regeneration. Given the differences in vul-
nerability to mortality from fire between longleaf pine and
loblolly pine, prescribed burning to control loblolly pine
seedlings is critical on sites with abundant loblolly pine
regeneration (Knapp et al. 2011).

In addition, our results indicate that fertilizing at the rate
applied in this study has little effect on the structure and
composition of sub-canopy vegetation.

Management implications

Across the southeastern US, land managers are targeting
restoration objectives that include establishing a longleaf
pine canopy and developing an herbaceous-dominated
ground layer when converting existing loblolly pine to lon-
gleaf pine stands, particularly on sites with a history of fire
exclusion that has resulted in a well-developed woody
component (Brockway et al. 2005; Mitchell et al. 2006).
However, successful restoration prescriptions are often
site-specific because of different land-use history, climate,
site characteristics and starting conditions. Considering our
results in comparison to previous studies demonstrates
several points:

1 Canopy removal generally increases the abundance of
ground layer vegetation but can increase the dominance of
woody vegetation in the ground layer.

2 The response of sub-canopy vegetation to restoration
treatments may vary across productivity gradients. A
recent study from Fort Benning in GA and AL showed that
the abundance of woody vegetation in the understorey
was negatively related to canopy density but only on soils
of finer texture (sandy clay loams vs sandy loams and
loamy sands; Addington et al. 2015).

3 Herbicides were effective at controlling the density of
hardwood stems in the midstorey, but resulted in the
release of naturally regenerated loblolly pines. Combined
with suggestions from Knapp et al. (2011), both prescribed
fire and herbicide application may be required to achieve
structural restoration objectives in stands with abundant
loblolly pine and hardwood regeneration.

Longleaf pine seedlings can be established with partial
canopy retention (Kirkman et al. 2007; Hu et al. 2012a;
Knapp et al. 2013). Combining the application of herbi-
cides and prescribed fire with retaining moderate levels of
canopy density (7-9 m*ha ') within loblolly pine stands
may provide an effective balance for reaching restoration
objectives that include establishing longleaf pine seedlings
and reducing midstorey densities of regenerating loblolly
pine. However, our treatments did not result in lasting
increases in herbaceous vegetation, suggesting that addi-
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tional treatments such as seeding native species may be
necessary to improve the ground layer component of these
sites. Given the short-term responses reported here, our
recommendations should be regarded as tentative and
most applicable to sites where woody species capable of
prolific resprouting dominate the sub-canopy vegetation.

Acknowledgements

We are grateful to four anonymous reviews for their
insightful comments and suggestions on an earlier version
of this manuscript. Funding for this project (RC-1474) was
provided by the Strategic Environmental Research and
Development Program (SERDP) sponsored by the Depart-
ment of Defense (DoD), Department of Energy (DoE) and
Environmental Protection Agency (EPA). We would like
to thank the following field technicians: Seth Cook, K.
Hunter Leary, Joe Ledvina, Bryan Mudder, Erik Pearson,
Shawna Reid, Lindsay Stewart, Carsyn Tennant and Eve-
lyn Wenk for assistance with data collection. Dr. James R.
Rieck, Department of Mathematical Sciences of Clemson
University, provided statistical support. This paper is tech-
nical contribution number 6334 of the Clemson University
Experiment Station.

References

Addington, R.N., Greene, T.A., Elmore, M.L., Prior, C.E. & Har-
rison, W.C. 2012. Influence of herbicide site preparation on
longleaf pine ecosystem development and fire management.
Southern Journal of Applied Forestry 36: 173—-180.

Addington, R.N., Knapp, B.O., Sorrell, G.G., Elmore, M.L.,
Wang, G.G. & Walker, J.L. 2015. Factors affecting broadleaf
woody vegetation in upland pine forests managed for lon-
gleaf pine restoration. Forest Ecology and Management 354:
130-138.

Ares, A., Berryman, S.D. & Puettmann, K.J. 2009. Understorey
vegetation response to thinning disturbance of varying com-
plexity in coniferous stands. Applied Vegetation Science 12:
472-4877.

Bailey, R.G. 1995. Description of the ecoregions of the United States,
2nd edn. USDA Forest Service [Miscellaneous Pub. no.
1391], Washington, DC, US.

Barnhill, W.L. 1992. Soil survey of Onslow County, North Carolina.
USDA Soil Conservation Service, Washington, DC, US.

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 Forestry Commission, Research
Division [Georgia Forest Research Paper 76], Atlanta,
GA, US.

Brockway, D.G., Outcalt, K.W., Tomczak, D. & Johnson, E.E.
2005. Restoration of longleaf pine ecosystems. USDA Forest Ser-
vice, Southern Research Station [General Technical Report
SRS-83], Asheville, NC, US.

Applied Vegetation Science

288 Doi: 10.1111/avsc.12217 © 2016 International Association for Vegetation Science



H.Huet al.

Brockway, D.G., Outcalt, K.W. & Boyer, W.D. 2006. Longleaf
pine regeneration ecology and methods. In: Jose, S., Jokela,
E.J. & Miller, D.L. (eds.) The longleaf pine ecosystem: ecology, sil-
viculture, and restoration, pp. 95-133. Springer, New York, NY,
Us.

Brockway, D.G., Outcalt, K.W., Estes, B.L. & Rummer, R.B.
2009. Vegetation response to midstorey mulching and pre-
scribed burning for wildfire hazard reduction and longleaf
pine (Pinus palustris Mill.) ecosystem restoration. Forestry 82:
299-314.

Brudvig, L.A. & Damschen, E.I. 2011. Land-use history, histori-
cal connectivity, and land management interact to deter-
mine longleaf pine woodland understory richness and
composition. Ecography 34: 257-266.

Freeman, J.E. & Jose, S. 2009. The role of herbicide in savanna
restoration: effects of shrub reduction treatments on the
understory and overstory of a longleaf pine flatwoods. Forest
Ecology and Management 257: 978-986.

Frost, C.C. 1993. Four centuries of changing landscape patterns
in the longleaf pine ecosystem. In: Hermann, S.M. (ed.) Pro-
ceedings of the 18th Tall Timbers Fire Ecology Conference: The lon-
gleaf pine ecosystem, ecology, restoration and management, pp. 17—
43. Tall Timbers Research Station, Tallahassee, FL, US.

Frost, C.C. 2006. History and future of the longleaf pine ecosys-
tem. In: Jose, S., Jokela, E.J. & Miller, D.L. (eds.) The longleaf
pine ecosystem: ecology, silviculture, and restoration, pp. 9—42.
Springer, New York, NY, US.

Gilliam, F.S., Yurish, B.M. & Goodwin, L.M. 1993. Community
composition of an old growth longleaf pine forest: relation-
ship to soil texture. Bulletin of the Torrey Botanical Club 120:
287-294.

Harrington, T.B. 2011. Overstory and understory relationships
in longleaf pine plantations 14 years after thinning and
woody control. Canadian Journal of Forest Research 41: 2301—
2314.

Haywood, J.D. 2009. Eight years of seasonal burning and herbi-
cidal brush control influence sapling longleaf pine growth,
understory vegetation, and the outcome of an ensuing wild-
fire. Forest Ecology and Management 258: 295-305.

Hedman, C.W., Grace, S.L. & King, S.E. 2000. Vegetation com-
position and structure of southern coastal plain forests: an
ecological comparison. Forest Ecology and Management 134:
233-247.

Hiers, J.K., O’Brien, J.J., Will, R.E. & Mitchell, R.J. 2007. Forest
floor depth mediates understory vigor in xeric Pinus palustris
ecosystems. Ecological Applications 17: 806-814.

Hu, H., Wang, G.G., Walker, J.L. & Knapp, B.O. 2012a. Silvicul-
tural treatments for converting loblolly pine to longleaf pine
dominance: effects on planted longleaf pine seedlings. Forest
Ecology and Management 276: 209-216.

Hu, H., Wang, G.G., Walker, J.L. & Knapp, B.O. 2012b. Silvicul-
tural treatments for converting loblolly pine to longleaf pine
dominance: effects on resource availability and their rela-
tionships with planted longleaf pine seedlings. Forest Ecology
and Management 282: 115-123.

Applied Vegetation Science

Silvicultural effects on vegetation

Jack, S.B., Mitchell, R.J. & Pecot, S.D. 2006. Silvicultural alterna-
tives in a longleaf pine/wiregrass woodland in southwest
Georgia: understory hardwood response to harvest-created
gaps. In: Connor, K.F. (ed.). Proceedings of the 13th Biennial
Southern Silvicultural Research Conference, pp. 85-89. USDA
Forest Service, Southern Research Station [General Techni-
cal Report SRS-92], Asheville, NC, US.

Jack, S.B., Hiers, J.K., Mitchell, R.J. & Gagnon, J.L. 2010. Fuel
loading and fire intensity effects on longleaf pine seedling
survival. In: Stanturf, J.A. (ed.). Proceedings of the 14th Bien-
nial Southern Silvicultural Research Conference, pp. 275-279.
USDA Forest Service, Southern Research Station [General
Technical Report SRS-121], Asheville, NC, US.

Jose, S., Ranasinghe, S. & Ramsey, C.L. 2010. Longleaf Pine
(Pinus palustris P. Mill.) restoration using herbicides: over-
story and understory vegetation responses on a Coastal Plain
Flatwoods site in Florida, U.S.A. Restoration Ecology 18: 244—
251.

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. American Journal of
Botany 88:2119-2128.

Kirkman, L.K., Goebel, P.C. & Palik, B.J. 2004. Predicting plant
species diversity in a longleaf pine landscape. Ecoscience 11:
80-93.

Kirkman, L.K., Mitchell, R.J., Kaeser, M.L., Pecot, S.D. & Coffey,
K.L. 2007. The perpetual forest: using undesirable species to
bridge restoration. Journal of Applied Ecology 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) seedlings in North
Carolina. Forest Ecology and Management 226: 122—-128.

Knapp, B.O., Wang, G.G., Hu, H., Walker, J.L. & Tennant, C.
2011. Restoring longleaf pine (Pinus palustris Mill.) in loblolly
pine (Pinus taeda L.) stands: effects of restoration treatments
on natural loblolly pine regeneration. Forest Ecology and Man-
agement 262: 1157-1167.

Knapp, B.O., Wang, G.G. & Walker, J.L. 2013. Effects of canopy
structure and cultural treatments on the survival and growth
of Pinus palustris Mill. seedlings underplanted in Pinus taeda
L. stands. Ecological Engineering 57: 46-56.

Knapp, B.O., Walker, J.L., Wang, G.G., Hu, H. & Addington,
R.N. 2014. Effects of overstory retention, herbicides, and fer-
tilization on sub-canopy vegetation structure and functional
group composition in loblolly pine forests restored to lon-
gleaf pine. Forest Ecology and Management 320: 149-160.

Krebs, C.J. 1999. Ecological methodology, 2nd edn. Benjamin
Cummings, Menlo Park, CA, US.

Landers, J.L., Van Lear, D.H. & Boyer, W.D. 1995. The longleaf
pine forests of the southeast: requiem or renaissance? Jour-
nal of Forestry 93: 39-44.

Martin, K.L. & Kirkman, L.K. 2009. Management of ecological
thresholds to re-establish disturbance-maintained herba-
ceous wetlands of the south-eastern USA. Journal of Applied
Ecology 46: 906-914.

Doi: 10.1111/avsc.12217 © 2016 International Association for Vegetation Science 289



Silvicultural effects on vegetation

Mitchell, R.J., Kirkman, L.K., Pecot, S.D., Wilson, C.A., Palik,
B.J. & Boring, L.R. 1999. Patterns and controls of ecosystem
function in longleaf pine-wiregrass savannas. I. Above-
ground net primary productivity. Canadian Journal of Forest
Research 29: 743-751.

Mitchell, R.J., Hiers, J.K., O'Brien, J.J., Jack, S.B. & Engstrom,
R.T. 2006. Silviculture that sustains: the nexus between silvi-
culture, frequent prescribed fire, and conservation of biodi-
versity in longleaf pine forests of the southeastern United
States. Canadian Journal of Forest Research 36: 2713-2723.

Mitchell, R.J., Hiers, J.K., O’Brien, J.J. & Starr, G. 2009. Ecologi-
cal forestry in the southeast: understanding the ecology of
tuels. Journal of Forestry 107: 391-397.

Oswalt, C.M., Cooper, J.A., Brockway, D.G., Brooks, HW.,
Walker, J.W., Connor, K.F., Oswalt, S.N. & Conner, R.C.
2012. History and current condition of longleaf pine in the
southern United States. USDA Forest Service, Southern
Research Station [General Technical Report SRS-166],
Asheville, NC, US.

Outcalt, K.W. & Brockway, D.G. 2010. Structure and composi-
tion changes following restoration treatment of longleaf pine
forests on the Gulf Coastal Plain of Alabama. Forest Ecology
and Management 259: 1615-1623.

Palik, B.J., Mitchell, R.J., Houseal, G. & Pederson, N. 1997.
Effects of canopy structure on resource availability and seed-
ling responses in a longleaf pine ecosystem. Canadian Journal
of Forest Research 27: 1458-1464.

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 influ-
ences above and below ground. Canadian Journal of Forest
Research 37: 634-648.

Peet, R.K. 2006. Ecological classification of longleaf pine wood-
lands. In: Jose, S., Jokela, E.J. & Miller, D.L. (eds.) The lon-
gleaf pine ecosystem: ecology, silviculture, and restoration, pp. 51—
93. Springer, New York, NY, US.

Peet, R.K., Wentworth, T.R. & White, P.S. 1998. A flexible, mul-
tipurpose method for recording vegetation composition and
structure. Castanea 63: 262-274.

Platt, W.J., Carr, S.M., Reilly, M. & Fahr, J. 2006. Pine savanna
overstorey influences on ground-cover biodiversity. Applied
Vegetation Science 9: 37-50.

Ruwanza, S., Gaertner, M., Esler, K.J. & Richardson, D.M. 2013.
Both complete clearing and thinning of invasive trees lead to
short-term recovery of native riparian vegetation in the Wes-

H.Huet al.

tern Cape, South Africa. Applied Vegetation Science 16: 193—
204.

USMCB Camp Lejeune. 2006. Chapter 2: Description of Camp
Lejeune. In: Final integrated natural resources management plan
(2007-2011). USMCB Camp Lejeune, NC, US.

Wahlenburg, W.G. 1946. Longleaf pine: its use, ecology, regeneration,
protection, growth, and management. Charles Lathrop Pack For-
estry Foundation, Washington, DC, US.

Walker, J.L. 1993. Rare vascular plant taxa associated with the
longleaf pine ecosystems: patterns in taxonomy and ecology.
In: Hermann, S.M. (ed.) Proceedings of the 18th Tall Timbers
Fire Ecology Conference: the longleaf pine ecosystem, ecology,
restoration and management, pp. 105-125. Tall Timbers
Research Station, Tallahassee, FL, US.

Walker, J.L. & Silletti, A.M. 2006. Restoring the ground
layer of longleaf pine ecosystems. In: Jose, S., Jokela,
E.J. & Miller, D.L. (eds.) The longleaf pine ecosystem: ecology,
silviculture, and restoration, pp. 297-325. Springer, New
York, NY, US.

Weakley, A.S. 2010. Flora of the Southern and Mid-Atlantic States,
March 2010 version. University of North Carolina, Chapel
Hill, NC, US.

Welch, J.R., Miller, K.V., Palmer, W.E. & Harrington, T.B. 2004.
Response of understory vegetation important to the north-
ern bobwhite following imazapyr and mechanical treat-
ments. Wildlife Society Bulletin 32: 1020-1027.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1. Texture and nutrient content of soils for
each block used in the study.

Appendix S2. Basic vegetation information before treat-
ment applied for each block used in the study.

Appendix S3. Detailed description of data analyses used
for each measured variable.

Appendix S4. Detailed statistical results for covers of
ground layer vegetation.

Appendix S5. Detailed statistical results for relative abun-
dances of ground layer vegetation.

Appendix S6. Detailed statistical results for densities of
midstorey vegetation.

Applied Vegetation Science

290 Doi: 10.1111/avsc.12217 © 2016 International Association for Vegetation Science



