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Abstract: Cluster planting of shortleaf pine, along with various site preparation and release treatments,
were tested to restore mixed shortleaf pine (Pinus echinata Mill.)–hardwood stands in areas where
the shortleaf pine has diminished in recent years. Shortleaf pine–hardwood mixtures were once a
common forest type throughout the Cumberland Mountains and Plateau physiographic regions of
the southeastern United States. Knowledge of how to restore shortleaf pine–hardwood mixtures is
limited throughout shortleaf pine’s large native range. The objectives of this study were to compare
planted shortleaf pine and natural hardwood regeneration survival, growth, and composition
following various site preparation and early release treatments. Cluster planting and partial timber
harvesting were used to reintroduce shortleaf pine and create two-aged stands in the Cumberland
Mountains of Tennessee, USA. Results indicated that shortleaf pine survival, basal diameter, and height
growth did not differ following four growing seasons among treatments. Natural regeneration
stem densities and heights within shortleaf pine clusters did not differ significantly by treatment.
Natural regeneration stem densities differed by species group and height class across the site, while the
treatment × species interaction term was also significant. At this early stage of stand development,
the brown-and-burn treatment appears poised for greater shortleaf pine growth rates than the other
treatments. The herbicide treatment had the fewest regenerating hardwoods per hectare and the most
desirable hardwood species composition.

Keywords: shortleaf pine; mixed-stands; cluster planting; site preparation and release; forest
restoration; two-aged management

1. Introduction

Mixed shortleaf pine–hardwood forest types are defined as forests that contain approximately
25% to 75% pine species and 25% to 75% hardwood species as a percent of total stocking [1,2]. In the
southeastern United States, these forest types occur more frequently on low productivity dry to
xeric sites that have a history of frequent disturbance associated with mixed severity fire, logging,
or wind events [3–5]. Successful regeneration of shortleaf pine requires disturbances that increase
light levels and expose bare mineral soil [6]. Without regular disturbance, these sites will transition to
mixed hardwoods over time [7,8]. In the Cumberland Mountains and Plateau as well as the southern
Appalachian Mountain regions, a variety of hardwood and pine species occur with shortleaf pine to
form mixed stands. Associated species include: black oak (Quercus velutina Lam.), scarlet oak (Quercus
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coccinea Muenchh.), blackjack oak (Quercus marilandica Muenchh.), chestnut oak (Quercus montana
Willd.), post oak (Quercus stellata Wangenh.), white oak (Quercus alba L.), pignut hickory (Carya glabra
Mill.), mockernut hickory (Carya tomentosa Nutt.), blackgum (Nyssa sylvatica Marsh.), red maple (Acer
rubrum L.), sourwood (Oxydendrum arboretum L.), and Virginia pine (Pinus virginiana Mill.).

Pine–hardwood forest types in mountainous areas of the southeastern U.S., such as the Cumberland
and Appalachian Mountains, often develop following intense anthropogenic or lightning-caused
wildfires. Site aspects where these forest types occur are often southern or western facing slopes that
receive more sunlight than other aspects. Repeated high grading of hardwood species may have
promoted pine species at irregular intervals [9]. Ridge tops and upper slope positions with southerly
aspects throughout the southern Appalachian and Cumberland Mountains are more prone to recurrent
fires than other aspects and slope positions from dryer conditions caused by greater solar radiation
levels [10,11]. Stand replacement fires, either caused by lightning or anthropogenic ignition sources,
are more likely on these sites, but still uncommon [12]. The dry and infertile edaphic conditions on
some of these sites favor pine species and exclude many hardwood species [13,14]. Fire exclusion
policies that began in the 1920s resulted in decades of shade-tolerant hardwood growth in mixed stands
that precluded natural pine regeneration [15,16]. Without disturbance, these mixtures are transitional
and unstable cover types because of the encroachment of shade-tolerant hardwood species and the
inability of shortleaf pine to regenerate in closed canopy stands. Two-aged systems may be one avenue
to retain these mixtures and regenerate pine.

The earliest U.S. Forest Service Forest Inventory and Analysis (FIA) report [17] for the Cumberland
Plateau and Mountains region defined two pine–hardwood forest types. The southern yellow pine type
was composed of up to 75% southern pines (primarily Virginia pine and shortleaf pine), while the upland
hardwood–pine type had less than 25% southern yellow pine. This report revealed that approximately
1.6 million ha (31% of total forested area) in the Cumberland Plateau and Mountains region had
mixed pine–hardwood forest types [17]. These stands had an average basal area of 12.6 m2 ha−1 and
an average volume of 21.1 m3 ha−1 in stems over 10 cm in diameter [17]. Current definitions for
pine–hardwood mixtures have an average pine basal area or stem density of 25–50% pine, according
to [18]. As an example, these parameters suggest that shortleaf pine stand densities would equate to
roughly 74 stems ha−1 that were 15 cm diameter and 7.6 m tall when using cubic foot volume tables
provided by [19]. These historical stand structure values could provide targets for restoration activities
in the region.

Forest types classified as shortleaf pine-dominated forests have been declining in area from
5.01 million ha in 1980 to 2.47 million ha in 2010 (52% loss) across the species’ native range [20].
Most remaining shortleaf pine stems are in older, mature age classes with minimal young, regenerating
age classes present [2,20]. Three of the primary factors for this decline include: change in the
disturbance regime or absence of disturbance, increased planting of loblolly pine, and southern pine
beetle (Dendroctonus frontalis Zimmermann.) epidemics [3,12,16,21].

Restoration of shortleaf pine–hardwood stands in the Cumberland and Appalachian Mountains
will require artificial regeneration in areas that lack a seed source or have few mature trees.
Classic methods of regenerating mixed pine–hardwood stands that include site preparation and
planting seedlings at wide spacings (e.g., [22,23]) may be logistically difficult and more expensive
to implement on steeper terrain. Planting seedlings under a residual overstory and initiating a
two-age stand is not as well studied as even-age methods of initiating pine–hardwood mixtures.
Although planted shortleaf pine seedlings can survive some partial shading (e.g., [24–26]), growth
rates of seedlings planted under dense residual canopies decrease in proportion to the amount of
residual overstory stocking compared to seedlings grown in more open conditions [26].

The shade levels created by a partial harvest may have the added benefit of being conducive to
the development of natural oak regeneration. White and chestnut oak are both intermediate shade-
tolerant species and could gain a competitive advantage in the shade conditions created by a partial
harvest [27]. Even-aged methods such as shelterwood harvests that leave 50–70 percent of overstory
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trees may produce suitable light conditions for oak regeneration, especially on lower productivity
sites [27,28]. Release treatments, such as prescribed burning in the spring season, may increase the
presence of oaks over less fire tolerant species, such as eastern white pine (Pinus strobus L.), and reduce
the germinative and sprouting capacity of some competitor species [29]. Partial overstory harvests
and two-age management may be a viable option to encourage shade intermediate species such as
shortleaf pine and white oak species on sites where traditional row planting is not practical.

Cluster planting, or group planting, has been practiced as a form of artificial regeneration in Russia
and Europe since the early twentieth century as an alternative to row planting [30]. Cluster planting
consists of small areas (typically less than 85 m2) that are planted with seedlings at close spacings
(1–2 m) to either increase stocking with many clusters planted per unit area, or introduce desirable
regeneration to canopy gaps in disturbed stands on more productive microsites with fewer clusters per
unit area [31,32]. Wider spacings within clusters (>1 m) can allow natural regeneration to grow among
the planted seedlings [31]. The number of seedlings planted per cluster can be adjusted to address
stocking considerations, made to fit the space created by a canopy opening, or located on a favorable
microsite. Cluster planting offers many possible benefits compared to classic row planting. Site
preparation, planting, release, and thinning treatments can be concentrated within areas designated
as clusters, reducing costs for these operations. Natural thinning also begins more quickly in cluster
plantings than in grid plantations because of the tighter spacing. This hastens the emergence of
dominance in better crop trees and accelerates natural pruning [33]. Deer browse risk is decreased for
seedlings planted in cluster patterns as compared to grid patterns [34]. Trees planted at high densities
might receive less browse pressure per tree as saplings than individual trees in more open stands [34].
In addition, cluster planting may be more suited to conifers because of their stronger epinastic control
compared to most hardwoods, which have a decurrent growth pattern [33]. Cluster planting is an
attractive option for the reintroduction of shortleaf pine and establishment of natural hardwood
regeneration in older, partially harvested hardwood stands that once had a shortleaf pine component.

The primary objective of this study was to evaluate the early establishment and development
of two-age, mixed shortleaf pine–hardwood stands with cluster planting of shortleaf pine and
establishment of natural hardwood regeneration within clusters on former shortleaf pine–hardwood
sites in the Cumberland Mountains of east Tennessee. The survival and growth of planted shortleaf
pine, as well as natural regeneration, were investigated for five site preparation and release treatments
intended to alter the species composition and stem densities of natural regeneration.

2. Materials and Methods

2.1. Study Site and Treatments

The study site is located on Little Brushy Mountain in Morgan County, Tennessee, USA, at
approximately 36.05376◦ N 84.43563◦ W, and owned by The University of Tennessee Institute of
Agriculture. Elevations of the 30.76 ha Little Brushy Mountain study site range from 365 to 550 m, and
aspects are primarily southwest to northwest facing. This area is characterized as the Thrust Block
Interior, Wartburg Basin, and Jellico Mountains region of the Cumberland Mountains [35]. Bedrock in
this area consists of strata that contain shales, siltstones, and coal [36]. Three soil types dominate the
site: Gilpin-Boulin-Petros Complex, 25 to 80 percent slopes, very stony; Shelocta silt loam, 12 to 20
percent slopes; and Lily-Gilpin Complex, 20 to 35 percent slopes. These soil series and complexes were
located at different slope positions throughout the site. Site indices at base age 50 years for these soils
differ by species. Yellow-poplar (Liriodendron tulipifera L.) has the highest site index of any species at
27 m, black oak at 18 m, white oak at 23 m, and shortleaf pine at 18 m [37]. Rainfall in the area averages
from 122–155 cm annually, while the mean temperature ranges from 5–19 ◦C [38].

Pre-harvest vegetation consisted of a two-aged, mixed hardwood stand. The older age cohort was
150–190 years, whereas the younger age cohort was 60–80 years. Stand basal area averaged 22.3 m2 ha−1,
and the area averaged 96 sawtimber stems (minimum diameter at breast height (dbh) 30 cm) ha−1, and
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111 pulpwood stems (minimum dbh 15 cm, maximum dbh 28 cm) ha−1. The primary dominant and
codominant trees on west and northwest aspects and the lower two-thirds of the mountain consisted
primarily of chestnut oak, red maple, and white oak. Dominant and codominant species composition
shifted on the upper third of the mountain where many different aspects were present. Chestnut oak
and white oak were still common, while black oak, hickories, and northern red oak (Quercus rubra
L.) became more prevalent. Throughout most of the study site, midstory and regenerating species
consisted primarily of red maple, eastern white pine, sourwood, and mountain laurel (Kalmia latifolia
L.). Many identifiable stumps, logs, and snags, as well as small pockets of advanced shortleaf pine
reproduction, were present across the site.

Study establishment began with retention tree marking prior to a commercial timber harvest.
Retention trees were selected based on species, diameter, and canopy position. The target retention tree
basal area per ha was 3.5–5 m2 ha−1 to remain consistent for two-age deferment harvest guidelines for
the region [39]. Though retention and take trees were individually marked, logging crews left higher
residual basal areas than desired following the completion of logging operations. Retention tree basal
area averaged 11.9 m2 ha−1 while trees per hectare averaged 397 for stems 5 cm dbh and larger across
the study site after release treatment implementation. More information on retention tree survival
selection and survival trends can be found in [40]. After a commercial timber harvest, 150 8.5 × 8.5 m
clusters were established on the site, averaging six clusters per ha. Five experimental units (ten clusters
per experimental unit) were established in each of three blocks (A, B, and C) that were delineated by
elevation (low, medium, and high) (Figure 1). Each experimental unit within a block was assigned
one of five site preparation and/or release treatments (Figure 1). Treatments included: a no treatment
control, herbicide only, herbicide and burn (here after referred to as brown-and-burn), burn only,
and scarification by logging equipment. Within clusters, all stems greater than 90 cm tall were cut.
Approximately 71% of those stems were less than 2.5 cm dbh. In addition, all logging slash was
removed from the interior of clusters to facilitate planting crews and reduce burn treatment severity
for clusters that received burn treatments. These cluster clearing operations were completed in all
treatments (clearing was not necessary in some scarification treatment clusters due to removal of all
slash and small stems by logging equipment) as a form of mechanical site preparation prior to planting.

The “subjective without preconceived bias” method [41] was used to subjectively assign treatments
to an experimental unit. In blocks B and C, brown-and-burn and burn treatments were placed adjacent
to one another to make burn operations more contiguous and reduce the amount of necessary hand
fire break construction. In addition, the scarify treatment was assigned to an experimental unit in each
block, where logging machinery had exposed the greatest area of bare mineral soil. Violation of the
assumption of independence among experimental units for analysis of variance was an issue with
assigning these three treatments in this manner. To ensure that experimental units across the site did
not differ prior to treatment assignment due to understory and midstory stem density disparities, a
pre-treatment stem density analysis was completed for stems cut during cluster establishment that
were greater than 90 cm tall. Complete tallies were compiled of all stems greater than 90 cm tall in each
8.5 × 8.5 m cluster as they were established.

The most readily available shortleaf pine seedlings in the state were obtained from the Tennessee
Department of Agriculture Division of Forestry. Seedlings from this nursery are 2nd generation material
from U.S. Forest Service seed orchards in the Ouachita National Forest and have an Arkansas seed
provenance. Currently, shortleaf pine seed orchards do not exist in Tennessee, and there are no shortleaf
pine seed orchards within 320 km of the study area. Bareroot, 1-0 stock seedlings were planted on
April 7 and 8, 2015 by hand planting crews. Most seedlings from this nursery average 25–30 cm in
height and 4.7 mm basal diameter at planting [42]. Exactly 9548 seedlings were planted at 1.2 × 1.2 m
spacing with an average of 63.7 seedlings per cluster, just under the 64 seedlings per cluster target.



Forests 2020, 11, 457 5 of 18
Forests 2020, 11, x FOR PEER REVIEW 5 of 19 

 

 

Figure 1. Study area boundary, block locations, and treatment assignments to experimental units are 

displayed over a Digital Raster Graphic topographic map of Morgan County, Tennessee, USA 

(courtesy of U.S. Geological Survey). 

The “subjective without preconceived bias” method [41] was used to subjectively assign 

treatments to an experimental unit. In blocks B and C, brown-and-burn and burn treatments were 

placed adjacent to one another to make burn operations more contiguous and reduce the amount of 

necessary hand fire break construction. In addition, the scarify treatment was assigned to an 

experimental unit in each block, where logging machinery had exposed the greatest area of bare 

mineral soil. Violation of the assumption of independence among experimental units for analysis of 

variance was an issue with assigning these three treatments in this manner. To ensure that 

experimental units across the site did not differ prior to treatment assignment due to understory and 

midstory stem density disparities, a pre-treatment stem density analysis was completed for stems cut 

during cluster establishment that were greater than 90 cm tall. Complete tallies were compiled of all 

stems greater than 90 cm tall in each 8.5 × 8.5 m cluster as they were established. 

Figure 1. Study area boundary, block locations, and treatment assignments to experimental units are
displayed over a Digital Raster Graphic topographic map of Morgan County, Tennessee, USA (courtesy
of U.S. Geological Survey).

All stumps of stems that were cut in herbicide and brown-and-burn treatment clusters prior to
planting were treated with a 9.3% solution of Arsenal® AC (salt of imazapyr) herbicide and water
immediately following stem felling. This rate of imazapyr was used for greater control of hickory spp.
These treatments also received a spot foliar herbicide release application using backpack sprayers when
shortleaf pine seedlings developed a resting bud and had ceased height growth during mid-August
2015. The release targeted herbaceous and woody vegetation growing within the clusters and herbicide
rates were based on recommendations from Yeiser [43] and BASF Corporation [44]. A tank mix of
Arsenal® AC was applied at a rate of 877.2 mL ha−1 with 70 g ha−1 of Escort® (metsulfuron methyl).
Herbicide solution was applied as needed to all non-shortleaf pine plants within a cluster.
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The brown-and-burn and burn only treatment units were burned during March 2016.
Weather conditions are provided in Table 1. When skid trails entered a unit, flames were initiated
along the edges of the skid trail and were allowed to spread into the interior of the experimental unit(s).
In interior portions of experimental units where burn coverage was poor, strip-head burn ignition
patterns were used to improve coverage. Prescribed burn coverage was 100% in all experimental units.

Table 1. Weather conditions recorded during the burn and brown-and-burn treatments for the five site
preparation and release treatments in Morgan County, Tennessee, USA.

Date Time Temperature
(◦C)

Relative
Humidity (%)

Wind Speed
(m/s) Wind Direction Number of Experimental

Units Burned

3/17/2016 17:00–19:00 18–21 14–18 3.1–3.6 W 2
3/18/2016 12:00–19:00 17–21 18–23 0–3.6 Variable 2
3/30/2016 13:00–18:00 21–24 22–29 2.6–5.1 SSE-SSW 2

Scarification treatment clusters that did not receive complete scarification coverage by logging
equipment were scarified by hand using hand tools such as a fire rake and Pulaski. Most of the duff layer
and O horizon were removed on the portions of clusters that were hand scarified. Logging equipment
exposed the B horizon(s) in almost all instances. More information on quantifying the scarification
treatment and its effects on planted shortleaf pine seedlings and natural regeneration are presented
in [45].

2.2. Measurements

Survival of shortleaf pine seedlings along with the height and basal diameter of surviving seedlings
were assessed in five randomly selected clusters out of ten per experimental unit, after four full growing
seasons post-planting and three full growing seasons after all treatments were completed. Stem heights
were measured to the tip of the terminal bud, and basal diameter was measured at ground level.
Natural hardwood regeneration was assessed inside of three randomly selected clusters out of ten
in each experimental unit. Natural regeneration was assessed within a circular 13.5 m2 plot at the
center of the cluster. All naturally regenerated stems greater than 15 cm tall and less than 2.5 cm dbh
were tallied by species and placed into one of ten 15-centimeter height classes (15–30 cm, 30.1–60 cm,
60.1–90 cm, 90.1–121 cm, 121.1–152 cm, 152.1–182 cm, 182.1–213 cm, 213.1–243 cm, 243.1–274 cm,
and 274.1+ cm). Woody species were grouped into one of nine species groups or woody vegetation
classes for statistical analyses. Blackgum (Nyssa sylvatica Marshall), red maple, and yellow-poplar
were assigned individual species groups. Eastern hemlock (Tsuga Canadensis L.), eastern white pine,
Virginia pine, and shortleaf pine were grouped into conifers. Hickory spp. included mockernut
hickory and pignut hickory. Miscellaneous hardwoods included sweetgum (Liquidambar styraciflua L.),
black cherry (Prunus serotina Ehrh.), sweet birch (Betula lenta L.), sassafras (Sassafras albidum Nutt.),
American beech (Fagus grandifolia Ehrh.), paulownia (Paulownia tomentosa Thunb.), cucumber tree
(Magnolia acuminate L.), American holly (Ilex opaca Aiton.), mimosa (Albizia julibrissin Durazz.), white
ash (Fraxinus Americana L.), striped maple (Acer pensylvanicum L.), flowering dogwood (Cornus florida
L.), black locust (Robinia pseudoacacia L.), and downy serviceberry (Amelanchier arborea Michx.). Red
oak spp. included scarlet oak, northern red oak (Quercus rubra L.), and black oak. Shrub spp. included
mapleleaf viburnum (Viburnum acerifolium L.), deerberry (Vaccinium stamineum L.), smooth sumac
(Rhus glabra L.), azalea (Rhododendron spp.), devil’s walkingstick (Aralia spinosa L.), and buffalo nut
(Pyrularia pubera Michx.). White oak spp. included chestnut oak and white oak. Measurements were
completed during the late summer and fall of 2018, when precipitation deficits cause height growth
to diminish.

The effect of overstory hardwoods on shading and infiltrating sunlight to the shortleaf pine
seedlings and natural regeneration was quantified during July and August 2016, when leaves were
fully developed. Instantaneous light value measurement methodology was used to quantify microsite
light availability in the forest understory within each cluster using a handheld ceptometer capable of
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measuring photosynthetically active radiation (PAR) levels [46]. PAR levels were measured at each
corner and the center point of each cluster for a total of five measurements per cluster. Photosynthetic
photon flux density levels (µmol s−1 m-2) were recorded using an Accupar Linear PAR/LAI Model
PAR-80 ceptometer (Decagon Devices, Pullman, WA) at a fixed height (1.2 m) and carefully leveled
at each point. All readings were taken during 1045 to 1430 h on days with overcast conditions [46].
An average value was computed from the five measurements taken in each cluster.

2.3. Statistical Analyses

Analysis of variance (ANOVA) as a randomized complete block design with sampling (five
clusters per experimental unit, and sub-sampling for tree level measurements) using mixed models
in SAS version 9.4 [47,48] was used to test for differences among treatments for understory light
levels, shortleaf pine height and basal diameter, and pre-treatment regenerating woody stem densities.
Differences in natural regeneration stem density among species and height groupings were tested using
a randomized complete block design mixed model with treatment in the whole plot, and a factorial of
species and height groupings in the sub-plot. Due to normality issues, the natural regeneration stem
density analyses were transformed using a log transformation, and untransformed means and standard
errors are reported. Blocking was used because of the elevation and soil texture differences from the
bottom to the top of the mountain. Treatment was considered a fixed effect, while block was considered
a random effect. Residuals were tested for normality using the Shapiro–Wilk test. Least-squares means
were separated using Fisher’s protected least significant difference and an alpha level of p = 0.05.
The shortleaf pine basal diameter and height variables as well as the natural regeneration and height
variables were transformed with a square root transformation due to slight skewness. Untransformed
means and standard errors are reported. Shortleaf pine survival rate differences across treatments
were evaluated using a generalized linear mixed model and the binomial distribution. Treatment was
considered a fixed effect while block was considered a random effect.

3. Results

3.1. Shortleaf Pine Survival and Growth

Treatment was not a significant factor in explaining planted shortleaf pine seedling survival
(p = 0.94) (Table 2). Survival only differed by 7.8% across the five treatments. Survival was numerically
greatest in the herbicide treatment (42.6%± 7.4%), while the control (34.8%± 6.8%) and brown-and-burn
(38.3% ± 7.1%) treatments had the lowest survival rates. The burn (38.7% ± 7.2%) and scarification
(40.8% ± 7.3%) treatments were intermediate to the other three treatments.

Table 2. Planted shortleaf pine seedling mean, standard error, and letter grouping results are presented
for survival, basal diameter (mm), and height (cm) variables following four growing seasons for the five
site preparation and release treatments in Morgan County, Tennessee, USA. Treatment means followed
by the same letter in a column indicate no significant differences (p = 0.05).

Survival (%) p = 0.939 Basal Diameter (mm) p = 0.141 Height (cm) p = 0.126

Treatment Mean (SE) Mean (SE) Mean (SE)

Brown-and-Burn 38.3 ± 7.1 a 34.8 ± 3.3 a 203.4 ± 20.1 a
Burn 38.7 ± 7.2 a 19.1 ± 3.3 a 129.5 ± 20.1 a

Control 34.8 ± 6.8 a 15.0 ± 3.3 a 108.7 ± 19.3 a
Herbicide 42.6 ±7.4 a 20.6 ± 3.3 a 129.8 ± 20.1 a

Scarification 40.8 ± 7.3 a 24.4 ± 3.3 a 187.7 ± 19.3 a

Treatment differences were not significant with shortleaf pine basal diameter (p = 0.14) (Table 2).
Average basal diameters ranged from 34.8 ± 3.3 mm in the brown-and-burn treatment to 15.0 ± 3.3 mm
in the control treatment. The scarification treatment seedlings had the second largest average basal
diameter at 24.4 ± 3.3 mm.
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Treatment was not a significant factor (p = 0.13) for explaining differences in shortleaf pine seedling
height (Table 2). Seedling heights ranged from a high of 203.4 ± 20.1 cm in the brown-and-burn
treatment to a low of 108.7 ± 19.3 cm in the control treatment. Numerically, the scarification treatment
seedlings were the second tallest on average at 187.7 ± 19.3 cm.

3.2. Natural Regeneration Density, Growth, and Composition

Natural regeneration stem densities were not significantly different for stems taller than 90 cm
prior to treatments being assigned to experimental units (p = 0.49). Stem densities ranged from an
average of 1635 ± 377.6 ha−1 in the scarification treatment to 4878.5 ± 566.4 ha−1 in the control treatment.

Treatment (stem density and height) (p = 0.58, p = 0.43), the treatment x height class interaction
(p = 0.89), and the species x height class interaction (p = 0.18) were not significant factors in explaining
the number of naturally regenerating stems per hectare within clusters (Table 3). Differences in stem
densities by species (p = 0.001), height class (p = 0.02), and the treatment x species interaction (p = 0.05)
were statistically significant (Table 3). Numerically, the burn treatment had the most regenerating
stems per hectare on average (58,069 ± 20,896 ha−1), while the herbicide treatment (30,064 ± 5945 ha−1)
had the fewest stems per hectare. Average natural regeneration heights were tallest on average in the
scarification treatment (113.0 ± 23.1), while heights were shortest on average in the burn treatment
(51.8 ± 26.4).

Table 3. ANOVA table of natural regeneration stem density inside clusters plantings for the five
site preparation and release treatments tested in the shortleaf pine–hardwood establishment study,
following four growing seasons in Morgan County, Tennessee, USA.

Source df p-Value

Treatment 4 0.58
Species 8 0.001

Treatment × Species 32 0.05
Height Class 9 0.02

Treatment × Height Class 36 0.89
Species × Height Class 55 0.18

Treatment × Species × Height Class 116 0.99

Statistical differences in the number of stems by species group were apparent for cluster interiors
(p < 0.001) (Table 4). Shrub spp. followed by yellow-poplar and miscellaneous hardwoods were
the most frequently occurring species groups. Highly desirable hardwood species, such as red oaks,
averaged 1108 ± 524 stems ha−1, while white oaks averaged 1809 ± 569 stems ha−1 and were statistically
similar in stem densities per hectare across the site (Table 4). Natural regeneration average height
differed across the site four growing seasons following study establishment (p = 0.02). Most stems were
concentrated in the two smallest height classes (15–30 and 30.1–60 cm) as well as the largest size class
(274.1 cm–2.54 cm dbh) (Table 5). The treatment x species interaction was also statistically significant
(p = 0.05). The burn treatment was dominated by shrub species (primarily deerberry) and was less
diverse in terms of the number of regenerating species (Figure 2).

The high stem densities (5903–16,312 stems ha−1) of shrub spp. in the burn, herbicide, and
control treatments contributed to this interaction term being statistically significant. No other species
or species group had over 3600 stems ha−1 per treatment on average (Figure 2). The herbicide
treatment numerically had the greatest white oak spp. stem densities. This treatment had significantly
more stems per hectare than the burn treatment but was statistically similar to the other three
treatments. The herbicide treatment also had the fewest regenerating stems per hectare of all treatments.
Numerically, yellow-poplar was most prevalent in the brown-and-burn and scarification treatments,
yet these differences were not statistically significant. Red maple tended to have similar stem densities
across all treatments (Figure 2).
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Table 4. Natural regeneration mean, standard error, and letter groupings for species and species class
are presented for inside cluster plantings for the five site preparation and release treatments tested in
the shortleaf pine–hardwood establishment study, following four growing seasons in Morgan County,
Tennessee, USA. Treatment means followed by the same letter in a column indicate no significant
differences (p = 0.05).

Stems ha−1 (p < 0.001)

Species Mean (SE)

Blackgum 748.2 ± 1259.5 bcd
Conifer spp. 307.4 ± 1648.9 d
Hickory spp 177.4 ± 1303.9 d

Miscellaneous
Hardwoods 1916.0 ± 424.8 bc

Red Maple 1713.4 ± 459.9 bc
Red Oak spp. 1108.9 ± 524.3 cd

Shrub spp. 6668.5 ± 635.8 a
White Oak spp. 1809.7 ± 569.1 c
Yellow-Poplar 2011.4 ± 363.7 b

Table 5. Natural regeneration mean, standard error, and letter groupings for height class across all
treatments are presented for inside cluster plantings for the five site preparation and release treatments
tested in the shortleaf pine–hardwood establishment study, following four growing seasons in Morgan
County, Tennessee, USA. Treatment means followed by the same letter in a column indicate no
significant differences (p = 0.05).

Stems ha−1 (p = 0.02)

Height Class (cm) Mean (SE)

15–30 3166.6 ± 434.3 a
30.1–60 2234.4 ± 442.7 ab
60.1–90 1706.6 ± 498.8 bc
90.1–121 1309.3 ± 560.2 cd

121.1–152 1444.2 ± 653.9 cd
152.1–182 1224.9 ± 769.4 d
182.1–213 1433.7 ± 726.3 cd
213.1–243 1190 ± 837.6 cd
243.1–274 1738.3 ± 917.2 bcd

274.1–2.5 cm dbh 2447.1 ± 1039.9 abc
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Figure 2. Regenerating woody species’ average number of stems per hectare for the treatment × species
interaction (p = 0.05) four growing seasons after study establishment for the shortleaf pine–hardwood
restoration study located in Morgan County, TN, USA.
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3.3. Understory Light Levels

Average PAR levels for each cluster indicated no significant differences in overstory light
levels among treatments (p = 0.1), suggesting that overstory shade differences were not a possible
confounding factor when testing for treatment differences with vegetation survival and growth.
Percent of full sunlight averages ranged from 39.4% ± 2.2% in the control treatment to 72.9% ± 2.9% in
the brown-and-burn treatment. The burn, control, and scarification treatments all averaged between
53.1–59.7% of full sunlight.

4. Discussion

4.1. Shortleaf Pine Survival and Growth

Shortleaf pine treatment differences for survival rates were not evident in this study, and survival
was generally low across all treatments. Low survival rates may justify planting high densities of
seedlings within clusters. Several factors may have contributed to these low survival rates including:
later than normal seedling lifting date from the nursery; thin, rocky soils on most of the site; a second
year drought with concomitant redheaded pine sawfly (Neodiprion lecontei Fitch.) defoliation; and burn
treatments killing some seedlings [49]. The seedling lift date from the Tennessee Division of Forestry
East Tennessee Nursery was 9 March 2015 [43]. Slightly lower survival rates with March lifting than
January or February lifting have been reported, as have April planting dates as compared to January or
February planting [50,51].

The Gilpin-Boulin-Petros complex soil type that covers most of the study area is considered very
rocky. Stones that are 25–58 cm in diameter are present throughout the profile and comprise 35–60% of
the soil by volume [37]. The presence of these stones and the thinness of the soil to bedrock could have
contributed to low seedling survival rates due to poor tree soil rooting, low moisture holding capacity,
or improper planting practices contributed by the rocky soil medium [52].

A severe drought occurred throughout the mid-South of the U.S. during the late summer and fall
months of 2016, at the end of the study’s second growing season [49]. Drought causes reduced survival
in tree seedlings, and can increase the abundance of forest insect pests, which are more likely to damage
or kill trees in their weakened state [53]. Redheaded pine sawfly was identified on seedlings during
fall 2016 with the concurrent drought. Outbreaks of this insect occur most commonly in young pine
stands less than 4.5 m tall and in pines growing near hardwoods with heavy vegetation competition
and on poor productivity sites [54]. These characteristics were all present at this site.

Low survival rates in the two burn treatments are probably a result of some seedlings not surviving
and resprouting following topkill. A 20–50% reduction in survival has been reported in topkilled
two to three-year-old shortleaf pine seedlings [55,56]. A seedling’s ability to resprout is a function of
burn intensity and residence time, the physiological state of the seedling, the seedling’s size, and the
location of the basal crook (where dormant buds are located) in the duff or upper soil layer [57,58].
The removal of most larger logging slash (100, 1000, and 10,000 h fuels) from within clusters during
establishment probably reduced the flame residence time and severity of the burns compared to areas
around the burns [59]. Removal of large logging slash may partially explain why seedling survival
was not significantly less in the burn treatments compared to treatments that did not include burning.

Shortleaf pine average basal diameter annual increment ranged from 2.6 mm year−1 in the control
treatment to 7.5 mm year−1 in the brown-and-burn treatment. Average basal diameter was 4.7 mm
at planting. This range of annual basal diameter increment is similar to at least two other shortleaf
pine underplanting studies conducted in Arkansas and Missouri. The Arkansas [25] and Missouri
studies [60] had comparable stocking levels to this study and revealed similar average basal diameter
increments of 5.4 and 3.6 mm year−1 over three years and five years, respectively. The uniform basal
diameter means across treatments at the time of measurement may partially be explained by shortleaf
pine seedling developmental strategies. Aboveground shortleaf pine growth has been reported to
increase dramatically within a couple of years post-planting after the initial development of a large
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root system [61,62]. Root system development was also most likely delayed under partial overstory
conditions compared to full sunlight [63], resulting in less growth differentiation among treatments
after only four growing seasons.

Shortleaf pine average annual seedling height increment ranged from 20.9 cm year−1 in the
control treatment to 44.9 cm year−1 in the brown-and-burn treatment. Average height increment in
the Arkansas [25] and Missouri [60] shortleaf pine underplanting studies with similar stocking levels
averaged 32.3 and 21 cm year−1 after three and five years, respectively. Though differences were
insignificant, shortleaf pine height growth trends were similar to basal diameter growth trends with
the brown-and-burn and scarification treatments having numerically taller saplings than the control
treatment. Height growth was likely affected in similar ways as basal diameter growth, but height
growth should differentiate among treatments at a quicker rate than basal diameter or diameter growth
as the stand develops [33]. Future measurements should be conducted to determine if this trend
becomes more evident over time.

The combination of a limited time period since seedling planting; uniform, partially shaded
conditions; and similar levels of hardwood competition prior to and after implementation of treatments
probably contributed to the lack of treatment differences in basal diameter and height growth over
the first four years after planting. In addition, late planting (early April in this case) has been shown
to decrease height growth of cold stored or non-cold stored shortleaf pine seedlings by as much
10 cm as compared to planting in December or January [51]. This decrease in growth is likely due
to a combination of seedlings breaking dormancy by April in most locations of the mid-South and
transplant shock.

Shading of shortleaf pine seedlings by residual overstory trees has been shown to reduce seedling
growth rates in other studies. A study in Missouri stated that level of overstory basal area or stocking
(<2, 4–9, 10–14, and >14 m2 ha−1) explained 43% of basal diameter and 45% of height variation for
three-year-old underplanted shortleaf pine [60]. The Missouri study also demonstrated wide ranges in
average basal diameters from areas of high to low stocking (4.4–40.4 mm) five years after planting [60].
In an Arkansas study with underplanted shortleaf pine seedlings, the authors reported that average
basal diameter and height increased more quickly over time under lower levels of residual basal area
(basal area ranged from 0 to 9.2 m2 ha−1) [25]. In summary, shortleaf pine seedlings that receive partial
overhead shade do not appear to grow as quickly as those growing in full sunlight, reflecting the shade
intolerance reported for shortleaf pine. The relatively uniform residual overstory basal area and PAR
levels could have contributed to uniform basal diameter and height growth across treatments.

4.2. Natural Regeneration Density, Growth, and Composition

Natural regeneration stem densities did not differ across areas of the study site prior to treatment
assignment, indicating no issues with the lack of treatment randomization for the burn and scarification
treatments. In addition, no statistical differences were detected among treatments for natural
regeneration stem densities or average heights three growing seasons after treatment implementation.
All treatments experienced an influx of new woody regeneration following timber harvest, site
preparation, and release treatments. Increased light levels and seedbeds with reduced organic matter at
the surface would have promoted new seedling germination from seed and sprout growth. As examples,
a single prescribed burn under a residual overstory has been reported to increase woody stem densities
in oak-pine mixtures in Tennessee, Georgia, and Kentucky [4,64]. In addition, scarification can increase
stem densities of light-seeded species such as yellow-poplar [65].

Natural regeneration height classes did not differ in stem densities across the study site. This result
is probably more a function of similar light levels and regeneration sources across treatments rather
than treatments altering competitive effects, microsites, and microclimates within clusters at this early
stage of stand development. New stems originated from a variety of regeneration sources, such as
stump sprouts, seed, and seedling sprouts, which all grow at different rates depending on size, species,
and environmental conditions [53]. The partially shaded conditions within all treatments of the study
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probably reduced germination and growth rates for some species similarly to the planted shortleaf pine
seedlings while improving conditions for germination and growth in others. For instance, hardwood
sprouts in a southern Appalachian Mountains study displayed greater growth rates one year after
harvest following 30% and 40% overstory reduction compared to 10–20% overstory reduction [66].
This result was likely a result of more shade-intolerant species utilizing the increased light levels,
while shade-tolerant species grew at similar rates under all light conditions [67]. Natural regeneration
growth rates will increase as regenerating stems reach larger size classes and as mortality rates of
less competitive regenerating woody stems increase [51,68]. This pattern may not occur if residual
overstory trees expand and fill the gaps where the clusters are located more quickly than regeneration
can occupy gaps [69].

Though natural regeneration height was not taller than shortleaf pine seedlings on average
by treatment, the height class analysis (Table 5) revealed a large number of stems in the smaller
height classes that likely skewed this finding. Approximately 30% of naturally regenerating stems
were less than 60 cm tall but greater than 15 cm tall. Conversely, approximately 29.9% of hardwood
stems were taller than average shortleaf pine heights (108.7–203.4 cm) across treatments. A shortleaf
pine–hardwood study in South Carolina demonstrated similar results four years after planting shortleaf
pine at 3 × 3 m spacing on a clearcut site [70]. Results from [70] found a similar issue where a subset
of larger hardwoods were overtopping planted shortleaf pines, but overall treatment means did not
reflect this issue. One important difference between this study and the South Carolina study was the
relative proportion of surviving seedlings compared to the number of overtopping hardwoods per unit
area. In the South Carolina study, the number of overtopping hardwood trees per hectare was roughly
similar to the number of surviving pines [70], whereas in this study the average number of overtopping
hardwoods per hectare outnumbered planted shortleaf pine seedlings based on current survival
rates. Research conducted in Missouri also reported that shortleaf pine seedlings were overtopped by
hardwood competitors two and five years after study establishment in a shortleaf pine underplanting
study [61]. They determined that shortleaf pine seedlings were growing at the same rate as hardwood
competitors, but shortleaf pine seedlings were overtopped 0.5–1.5 m by hardwood competitors. Two
reasons were postulated. Shortleaf pine seedlings were shorter at planting than understory hardwood
competitors, and the one to two year lag in aboveground shortleaf pine growth after planting allowed
hardwood competitors with established root systems to gain a height advantage over those growing
seasons [60]. In this study, all hardwood competitors ≥90 cm within clusters were cut prior to planting
shortleaf pine seedlings. Some hardwood competitors within clusters could have had 60 cm or more
of a height advantage compared to the planted shortleaf pine seedlings. These hardwood seedlings
and seedling sprouts would not have had transplant shock or root system establishment delays with
regards to height growth during the first and second growing season.

Differences in stem densities by species group occurred across the study site four years after
establishment. Shrub spp. and yellow-poplar tended to be the most frequently occurring species
groups. Deerberry, mapleleaf viburnum, buffalo nut, and smooth sumac all reproduce prolifically by
vegetative sprouting and rhizomes when the stem is damaged or killed and when growing space is
increased [71–74]. The additional available light and disturbed forest floor conditions associated with
release treatments and logging activities most likely resulted in extensive vegetative reproduction
of these species and contributed to the high average stem count of the shrub spp. group. The most
commonly observed shrub species was deerberry. Vaccinium species such as deerberry have been
noted as being serious competitors in young southern pine stands in at least one other study [75], but
because deerberry does not reach heights of more than 2 m, it is not considered a sunlight competitor
but more of a soil water and nutrients competitor [71]. Yellow-poplar can reproduce prolifically
from wind-disseminated seeds, and is a serious competitor for slower growing species such as oaks
or shortleaf pine in moderate to high light levels. Partial canopy openings followed by prescribed
burning or co-occurring with soil scarification can promote rapid colonization of yellow-poplar from
seed [76,77].
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White oak spp. had relatively high regenerating stem totals (4th of 9 groups) (Table 4). White and
chestnut oak were two of the primary overstory species on site prior to study initiation, which provided
a regeneration source. Intermediate light conditions and scarification of the seed bed following partial
harvest could have contributed to new oak regeneration, while removal of competitor trees in the
understory along with overstory stocking reductions most likely released any advanced white and
chestnut oak regeneration present prior to study establishment. Both of these species are capable of
persisting in understory light conditions for many years before a release event occurs [78,79]. They then
can begin rapid height growth when released with residual stocking levels as high as 60% [79].
In general, oaks tended to be most prevalent in the three treatments that lacked fire. This trend is likely
a result of less oak seedling mortality in the non-burn treatments. Oaks may also recover more quickly
from release rate applications of imazapyr compared to other hardwoods, such as yellow-poplar,
sweetgum (Liquidambar styraciflua L.), and flowering dogwood (Cornus florida L.) [80].

Red maple was the only additional single species common in more than one treatment. Red maple
is capable of rapid resprouting in moderately low light levels and following disturbance events such as
fire, windthrow, and timber harvests [81,82]. The scarification treatment had the fewest regenerating
red maple stems of the five treatments. Scarification could have removed some red maple rootstocks
capable of sprouting.

The significance of the species x treatment interaction indicated that regenerating species
composition differed by treatment. A primary cause for the significance of this interaction term
was the high stem densities of shrub spp. in all treatments except for the scarification treatments. All of
the shrub spp. encountered in this study have rhizomes which are capable of prolific sprouting when
the stem is topkilled. Shrubs in the burn treatment most likely had a vigorous sprouting response
without a follow-up herbicide release treatment. This most likely resulted in the high shrub spp. stem
densities in the burn treatment. The scarification treatment most likely removed or damaged a large
proportion of shrub spp. root systems and rhizomes. Scarification by logging equipment down to the
B horizon was common in this treatment [45,83].

5. Management Implications and Conclusions

Restoration of shortleaf pine in current mixed hardwood stands, with the intent to create two-age
mixed shortleaf pine–hardwood stands, is still possible with current shortleaf pine survival rates
(minimum of 53–67 mature stems ha−1), yet the results indicated that overtopping understory hardwood
competition may be an issue across all treatments on this site. Shortleaf pine can endure competition
during the establishment and stem exclusion phase of stand development from some hardwood
species (e.g., oaks and hickories for a limited number of years), but on the best sites where species
such as red maple and yellow-poplar occur, shortleaf pine may not be successful at reaching overstory
positions [62]. Both of these species were prevalent on this site, possibly necessitating an additional
release treatment in order to maintain the current shortleaf pine component. In addition, shortleaf
pine growth rates tend to be affected more than survival when understory hardwood competition
occurs [60,84]. Shortleaf pine is capable of accelerated growth following release from overtopping
understory and midstory hardwood competition [62,70,84]. Herbicide and prescribed fire both may be
good shortleaf pine release options. Herbicides, such as metsulfuron methyl and imazapyr, can be
applied over shortleaf pine during the late summer and early fall without damaging the pines, and
these herbicides offer a wide spectrum of woody vegetation and bramble control when applied as a tank
mix [43,84]. Prescribed fire is more challenging to apply as a release treatment, but previous research
in the region has indicated that spring burns conducted when seedlings reach three-years-old or 1.5 m
tall may greatly reduce stem topkill rates [45], while other studies have suggested that trees should
have a groundline diameter of at least 10 cm to completely avoid instances of stem topkill [60]. Unless
managers in the region can possibly conduct chemical site preparation treatments when establishing
individual clusters, release treatments will have to be relied upon to improve shortleaf pine’s chances
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of reaching overstory positions when attempting to restore shortleaf pine–hardwood mixtures using
two-age management and cluster planting.

Early results suggest that two-aged management may be suitable to establish new age classes of
shortleaf pine through planting and desirable hardwood species when relying on natural regeneration.
Release treatments performed after the first growing season to prevent overtopping by hardwood
competitors (especially undesirable species) did not result in any shortleaf pine survival or growth
differences three growing seasons after treatments were applied. After three growing seasons, shortleaf
pine growth in the brown-and-burn treatment appears to be differentiating from the other treatments.
The herbicide treatment had the fewest hardwood stems per hectare, which may allow for more
free-to-grow conditions for planted shortleaf pine as the stand develops. This treatment also had the
most desirable hardwood species composition. Future assessments of this site are needed to determine
if these trends continue.

Author Contributions: Conceptualization, W.C.; methodology, D.C. and W.C.; validation, D.C. and W.C.;
formal analysis, D.C.; investigation, D.C. and W.C.; resources, W.C.; data curation, D.C.; writing—original draft
preparation, D.C.; writing—review and editing, W.C. and D.C.; visualization, W.C. and D.C.; supervision, W.C.
and D.C.; project administration, W.C.; funding acquisition, W.C. and D.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Fish and Wildlife Foundation and International Paper, grant
1904.13.040509.

Acknowledgments: We thank the University of Tennessee Forest Resources Research and Education Center for
providing the land for this study. We also thank Martin Schubert, Kevin Hoyt, Todd Hamby, Randal Maden,
and personnel with the Tennessee Department of Agriculture, Division of Forestry for their assistance with
study establishment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Knight, H.A.; Phillips, D.R. Silvicultural implications of mixed pine-hardwood stands in the Piedmont.
In Proceedings of the 4th Biennial Southern Silviculture Research Conference, Atalanta, GA, USA, 4–6
November 1986; Phillips, D.R. Comp.; General Technical Report SE-42. U.S. Department of Agriculture,
Forest Service, Southeastern Forest Experiment Station: Asheville, NC, USA, 1987; pp. 157–161.

2. Moser, K.W.; Hansen, M.; McWilliams, W.H.; Sheffield, R.M. Shortleaf pine composition and structure in the
United States. Shortleaf Pine Restoration and Ecology in the Ozarks. In Proceedings of the Symposium,
Springfield, MO, USA, 7–9 November 2006; Kabrick, J.M., Dey, D.C., Gwaze, D., Eds.; General Technical
Report NRS-P-15. U.S. Department of Agriculture, Forest Service, Northern Research Station: Newtown
Square, PA, USA, 2007; pp. 19–27.

3. Brose, P.; Schuler, T.; Van Lear, D.; Berst, J. Bringing fire back: The changing regimes of the Appalachian
mixed-oak forests. J. For. 2001, 99, 30–35. [CrossRef]

4. Elliot, K.J.; Vose, J.M. Effects of understory prescribed burning on shortleaf pine (Pinus echinata
Mill.)/mixed-hardwood forests. J. Torrey Bot. Soc. 2005, 132, 236–251. [CrossRef]

5. Harrod, J.C.; White, P.S.; Harman, M.E. Changes in xeric forests in western Great Smoky Mountains National
Park, 1936–1995. Castanea 1998, 63, 346–360. Available online: https://www.jstor.org/stable/4033983 (accessed
on 2 April 2020).

6. Wood, O.M. Reproduction of shortleaf pine following mechanical treatment of the seedbed. J. For. 1939, 10,
813–814. [CrossRef]

7. Halls, L.K.; Homesley, W.B. Stand composition in a mature pine-hardwood forest of southeastern Texas. J.
For. 1966, 64, 170–174. [CrossRef]

8. Oosting, H.J. An ecological analysis of the plant communities of Piedmont, North Carolina. Am. Midl. Nat.
1942, 28, 1–126. [CrossRef]

9. Cooper, A.W. Ecology of the pine-hardwood type. In Proceedings of the Pine-Hardwood Mixtures: A
Symposium on Management and Ecology of the Type, Atlanta, GA, USA, 18–19 April 1989; Waldrop, T.A.,
Ed.; General Technical Report SE-58. U.S. Department of Agriculture, Forest Service, Southeastern Forest
Experiment Station: Asheville, NC, USA, 1989; pp. 3–8.

http://dx.doi.org/10.1093/jof/99.11.30
http://dx.doi.org/10.3159/1095-5674(2005)132[236:EOUPBO]2.0.CO;2
https://www.jstor.org/stable/4033983
http://dx.doi.org/10.1093/jof/37.10.813
http://dx.doi.org/10.1093/jof/64.3.170
http://dx.doi.org/10.2307/2420696


Forests 2020, 11, 457 15 of 18

10. Barden, L.S.; Woods, F.W. Effects of fire on pine and pine-hardwood forests in the southern Appalachians.
For. Sci. 1976, 22, 399–403. [CrossRef]

11. Harrod, J.C.; White, R.D. Age structure and radial growth in xeric oak-pine forests in western Great Smoky
Mountains National Park. J. Torrey Bot. Soc. 1999, 126, 139–146. [CrossRef]

12. Van Lear, D.H.; Waldrop, T.A. History, Uses, and Effects of Fire in the Southern Appalachians; General Technical
Report SE-54; U.S. Department of Agriculture, Forest Service, Southeastern Forest Experiment Station:
Asheville, NC, USA, 1989; p. 20.

13. Eyre, F.H. (Ed.) Forest Cover Types of the United States and Canada; Society of American Foresters: Bethesda,
MD, USA, 1980; p. 148.

14. Vose, J.M.; Swank, W.T.; Clinton, B.D.; Hendrick, R.L.; Majors, A.E. Using fire to restore pine/hardwood
ecosystems in the southern Appalachians of North Carolina. In Proceedings of the Fire Effects on Rare and
Endangered Species and Habitats Conference, Coeur d’Alene, ID, USA, 13–16 November 1995; International
Association of Wildland Fire: Fairfield, WA, USA, 1997; pp. 149–154.

15. Nowacki, G.J.; Abrams, M.D. The demise of fire and “mesophication” of forests in the eastern United States.
BioScience 2008, 58, 123–138. [CrossRef]

16. Oswalt, C.M.; Oswalt, S.N.; Meade, J.R. Species composition and succession in yellow pine stands following
southern pine beetle outbreaks in Tennessee-preliminary results. In Proceedings of the 18th Biennial Southern
Silviculture Research Conference, Knoxville, TN, USA, 2–5 March 2015; Schweitzer, C.J., Clatterbuck, W.K.,
Oswalt, C.M., Eds.; General Technical Report SRS-212. U.S. Department of Agriculture, Forest Service,
Southern Research Station: Asheville, NC, USA, 2016; pp. 72–77.

17. Wheeler, P.R. Forest Statistics for Tennessee; U.S. Department of Agriculture, Forest Service, Forest Survey
Release 70, Southern Forest Experiment Station: New Orleans, LA, USA, 1952; p. 70.

18. Sheffield, R.M.; Birch, T.W.; Leatherberry, E.C.; McWilliams, W.H. The pine-hardwood resource in the eastern
United States. In Proceedings of the Pine-Hardwood Mixtures: A Symposium on management and Ecology
of the Type, Atlanta, GA, USA, 18–19 April 1989; Waldrop, T.A., Ed.; General Technical Report SE-58. U.S.
Department of Agriculture, Forest Service, Southeastern Forest Experiment Station: Asheville, NC, USA,
1989; pp. 9–19.

19. Smalley, G.W.; Bower, D.R. Volume Tables and Point-Sampling for Shortleaf Pine in Plantations on Abandoned
Fields in Tennessee, Alabama, and the Georgia Highlands; Research Paper SO-39; U.S. Department of Agriculture,
Forest Service, Southern Forest Experiment Station: New Orleans, LA, USA, 1968; p. 13.

20. Oswalt, C.M. Spatial and temporal trends of the shortleaf pine resource in the eastern United States.
In Proceedings of the Shortleaf Pine Conference: East Meets West, Bridging the Gap with Research and
Education Across the Range, Huntsville, AL, USA, 20–22 September 2011; Kush, J., Barlow, R.J., Gilbert, J.C.,
Eds.; Alabama Agricultural Experiment Station: Auburn, AL, USA Spec. Report No. 11. , 2012; pp. 33–37.

21. May, D.M. Forest Resources of Tennessee. Research Bulletin SO-160; U.S. Department of Agriculture, Forest
Service, Southern Research Station: New Orleans, LA, USA, 1991; p. 65.

22. Phillips, D.R.; Abercrombie, J.A., Jr. Pine-hardwood mixtures- A new concept in regeneration. Sout. J. Appl.
For. 1987, 11, 192–197. [CrossRef]

23. Waldrop, T.A. Four site-preparation techniques for regenerating pine-hardwood mixtures in the Piedmont.
Sout. J. Appl. For. 1997, 21, 116–122. [CrossRef]

24. Blizzard, E.M.; Kabrick, J.M.; Dey, D.C.; Larsen, D.R.; Gwaze, D.P. Shortleaf pine reproduction abundance
and growth in pine-oak stands in the Missouri Ozarks, Shortleaf Pine Restoration and Ecology in the Ozarks.
In Proceedings of the Symposium, Springfield, MO, USA, 7–9 November 2006; Kabrick, J.M., Dey, D.C.,
Gwaze, D., Eds.; General Technical Report NRS-P-15. U.S. Department of Agriculture, Forest Service,
Northern Research Station: Newtown Square, PA, USA, 2007; pp. 138–146.

25. Guldin, J.M.; Heath, G. Underplanting Shortleaf Pine Seedlings Beneath a Residual Hardwood Stand in the Ouachita
Mountains: Results after Seven Growing Seasons; Research Note SRS-09; U.S. Department of Agriculture, Forest
Service, Southeastern Forest Experiment Station: Asheville, NC, USA, 2001; p. 8.

26. Kabrick, J.M.; Dey, D.C.; Shifley, S.R.; Villwock, J.L. Early survival and growth of planted shortleaf pine
seedlings as a function of initial size and overstory stocking. In Proceedings of the 17th Central Hardwood
Forest Conference, Lexington, KY, USA, 5–7 April 2010; Fei, S., Lhotka, J.M., Springer, J.W., Gottschalk, K.W.,
Miller, G.W., Eds.; General Technical Report NRS-P-78. U.S. Department of Agriculture, Forest Service,
Northern Research Station: Newtown Square, PA, USA, 2011; pp. 277–287.

http://dx.doi.org/10.1093/forestscience/22.4.399
http://dx.doi.org/10.2307/2997290
http://dx.doi.org/10.1641/B580207
http://dx.doi.org/10.1093/sjaf/11.4.192
http://dx.doi.org/10.1093/sjaf/21.3.116


Forests 2020, 11, 457 16 of 18

27. Johnson, P.S.; Shifley, S.R.; Rogers, R. The Ecology and Silviculture of Oaks, 2nd ed.; CAB International:
Cambridge, MA, USA, 2009; p. 580.

28. Schweitzer, C.J.; Janzen, G.; Dey, D. Regenerating oak stands the “natural” way. In Managing Oak Forests in
the Eastern United States; Keyser, P.D., Fearer, T., Harper, C.A., Eds.; CRC Press: Boca Raton, FL, USA, 2016;
pp. 75–84.

29. Brose, P.; Van Lear, D.; Cooper, R. Using shelterwood harvests and prescribed fire to regenerate oak stands
on productive upland sites. For. Ecol. Manag. 1999, 113, 125–141. [CrossRef]

30. Saha, S. Development of Tree Quality, Productivity, and Diversity in Oak (Quercus robur and Quercus patraea)
Stands Established by Cluster Planting. Ph.D. Thesis, Albert-Ludwigs Universität, Freiburg im Breisgau,
Germany, 2012.

31. Anderson, M.L. Spaced group-planting and irregularity of stand structure. Empire For. Rev. 1951, 30, 328–341.
32. Saha, S.; Kuehne, C.; Bauhus, J. Lessons learned from oak cluster planting trials in central Europe. Can. J. For.

Res. 2017, 47, 139–148. [CrossRef]
33. Oliver, C.D.; Larson, B.C. Forest Stand Dynamics, update ed.; John Wiley and Sons: New York, NY, USA, 1996;

p. 520.
34. Carlson, D.H. Effects of Grazing Management and Tree Planting Pattern in a Young Douglas-Fir Agroforest.

MSc Thesis, Oregon State University, Corvallis, OR, USA, 1987.
35. Smalley, G.W. Classification and Evaluation of Forest Sites in the Cumberland Mountains. General Technical Report

SO-50; U.S. Department of Agriculture, Forest Service, Southern Forest Experiment Station: New Orleans,
LA, USA, 1984; p. 84.

36. Wilson, C.W.; Jewell, J.W.; Luther, E.T. Pennsylvanian Geology of the Cumberland Plateau; Tennessee Department
of Conservation, Geology Division: Nashville, TN, USA, 1956; p. 21.

37. Web Soil Survey. 2015; U.S. Department of Agriculture, Natural Resource Conservation Service. Available
online: http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx (accessed on 20 February 2015).

38. National Oceanic and Atmospheric Administration. 2017; NOAA National Centers for Environmental
Information. Daily Observational Data Map. Available online: https://gis.ncdc.noaa.gov/maps/ncei/cdo/daily
(accessed on 30 November 2017).

39. Stringer, J. Two-Age System and Deferment Harvests; University of Tennessee Extension Publication SP676:
Knoxville, TN, USA, 2006; p. 12.

40. Clabo, D.C.; Clatterbuck, W.K. Retention tree survival trends in burned and unburned areas managed using
the irregular shelterwood method. In Proceedings of the 20th Biennial Southern Silvicultural Research
Conference, Shreveport, LA, USA, 12–14 March 2019; Bragg, D., Holley, G., Eds.; General Technical Report
SRS-. U.S. Department of Agriculture, Forest Service, Southern Research Station: Asheville, NC, USA.

41. Mueller-Dombois, D.; Ellenburg, H. Aims and Methods of Vegetation Ecology; John Wiley & Sons: New York,
NY, USA, 1974; p. 547.

42. Conn, J. Tennessee Department of Agriculture, Division of Forestry; Reforestation Unit Leader: Delano, TN, USA,
2017.

43. Yeiser, J. Using herbicides to restore shortleaf pine systems. In Proceedings of the Shortleaf Pine Conference:
East Meets West, Bridging the Gap with Research and Education Across the Range, Huntsville, AL, USA,
20–22 September 2011; Kush, J., Barlow, R.J., Gilbert, J.C., Eds.; Alabama Agricultural Experiment Station:
Auburn, AL, USA Spec. Report No. 11. , 2012; pp. 33–37.

44. BASF Corporation. 2010; Arsenal® Herbicide Applicators Concentrate. Available online: http://www.maine.
gov/dacf/php/pesticides/documents2/bd_mtgs/may17/9-Arsenal%20ApplicConcentrate%20Label.pdf.
(accessed on 21 November 2017).

45. Clabo, D.C.; Clatterbuck, W.K. Survival, growth, and establishment of planted shortleaf pine and natural
hardwood regeneration on scarified areas in partially cut stands. In Proceedings of the 19th Biennial Southern
Silviculture Research Conference, Blacksburg, VA, USA, 14–16 March 2017; Seiler, J., Aust, M., Johnsen, K.,
Eds.; General Technical Report SRS-234. U.S. Department of Agriculture, Forest Service, Southern Research
Station: Asheville, NC, USA, 2018; pp. 251–258.

46. Parent, S.; Messier, C. A simple and efficient method to estimate microsite light availability under a forest
canopy. Can. J. For. Res. 1996, 26, 151–154. [CrossRef]

47. SAS Institute. SAS Version 9.4; SAS Institute: Cary, NC, USA, 2012.

http://dx.doi.org/10.1016/S0378-1127(98)00423-X
http://dx.doi.org/10.1139/cjfr-2016-0265
http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
https://gis.ncdc.noaa.gov/maps/ncei/cdo/daily
http://www.maine.gov/dacf/php/pesticides/documents2/bd_mtgs/may17/9-Arsenal%20ApplicConcentrate%20Label.pdf.
http://www.maine.gov/dacf/php/pesticides/documents2/bd_mtgs/may17/9-Arsenal%20ApplicConcentrate%20Label.pdf.
http://dx.doi.org/10.1139/x26-017


Forests 2020, 11, 457 17 of 18

48. Littell, R.C.; Milliken, G.A.; Stroup, W.W.; Wolfinger, R.D. SAS System for Mixed Models; SAS Institute Inc.:
Cary, NC, USA, 1996; p. 656.

49. National Oceanic and Atmospheric Administration. 2016; NOAA National Centers for Environmental
Information. State of the Climate. Drought for October 2016. Available online: https://www.ncdc.noaa.gov/

sotc/drought/201610 (accessed on 17 November 2017).
50. Hallgren, S.W. Artificial regeneration of shortleaf pine: Put it all together for success. In Proceedings of the

Shortleaf Pine Regeneration Workshop, Little Rock, AR, USA, 29–31 October 1991; Brissette, J.C., Barnett, J.P.,
Eds.; General Technical Report SO-90. U.S. Department of Agriculture, Forest Service, Southern Forest
Experiment Station: New Orleans, LA, USA, 1992; pp. 46–57.

51. Hallgren, S.W.; Tauer, C.G. Root growth potential, first-year survival, and growth of shortleaf pine seedlings
show effects of lift date, storage, and family. Sout. J. Appl. For. 1989, 13, 163–169. [CrossRef]

52. Mexal, J.G. Artificial regeneration of shortleaf pine. Artificial regeneration of shortleaf pine: Put it all
together for success. In Proceedings of the Shortleaf Pine Regeneration Workshop, Little Rock, AR, USA,
29–31 October 1991; Brissette, J.C., Barnett, J.P., Eds.; General Technical Report SO-90. U.S. Department of
Agriculture, Forest Service, Southern Forest Experiment Station: New Orleans, LA, USA, 1992; pp. 172–186.

53. Barnes, B.V.; Zak, D.R.; Denton, S.R.; Spurr, S.H. Forest Ecology, 4th ed.; John Wiley & Sons, Inc.: New York,
NY, USA, 1998; p. 774.

54. Wilson, L.F.; Averill, R.D. Redheaded pine sawfly. U.S. Department of Agriculture, Forest Service, Forest
Insect and Disease Leaflet 14. 1997. Available online: https://www.na.fs.fed.us/Spfo/pubs/fidls/pine_sawfly/

pinesawfly.htm (accessed on 1 December 2017).
55. Clabo, D.C.; Clatterbuck, W.K. Shortleaf pine (Pinus echinata, Pinaceae) seedling sprouting responses:

Clipping and burning effects at various seedling ages and seasons. J. Torrey Bot. Soc. 2019, 146, 96–110.
[CrossRef]

56. Phares, R.E.; Crosby, J.S. Basal sprouting of fire-injured shortleaf pine trees. J. For. 1962, 60, 204–205.
57. Lilly, C.J.; Will, R.E.; Tauer, C.G.; Guldin, J.M.; Spetich, M.A. Factors influencing shortleaf pine sprouting

after fire. In Symposium on Shortleaf Pine Research: Past, Present, and Future; Department of Natural Resource
Ecology and Management (NREM): Oklahoma State University, Auburn, AL, USA, 2010; pp. 8–9.

58. Lilly, C.J. Shortleaf Pine: The Basal Crook Adaptations and the Traits it Infers to its Hybrid with Loblolly
Pine. Master’s Thesis, Oklahoma State University, Stillwater, OK, USA, 2011.

59. Brown, J.K. Handbook for Inventorying Downed Woody Material; General Technical Report INT-16; U.S.
Department of Agriculture, Forest Service, Intermountain Forest and Range Experiment Station: Ogden, UT,
USA, 1974; p. 24.

60. Kabrick, J.M.; Knapp, B.O.; Dey, D.C.; Larsen, D.R. Effect of initial seedling size, understory competition, and
overstory density on the survival and growth of Pinus echinata seedlings underplanted in hardwood forests
for restoration. New For. 2015, 46, 897–918. [CrossRef]

61. Guldin, J.M. Ecology of shortleaf pine. In Proceedings of the Symposium on the Shortleaf Pine Ecosystem,
Little Rock, AR, USA, 31 March–2 April 1986; Murphy, P.A., Ed.; Arkansas Cooperative Extension Service:
Monticello, AR, USA, 1986; pp. 25–40.

62. Lawson, E.R. Pinus Echinata; Mill. shortleaf pine, Silvics of North America: Vol. 1. Conifers; Burns, R.M.;
Honkala, B.H. Tech. cords.; Agriculture Handbook 654; U.S. Department of Agriculture Forest Service:
Washington, DC, USA, 1990; pp. 316–326. [CrossRef]

63. Becton, W.R. Effects of varying densities of hardwood cover on growth and survival of shortleaf pine
reproduction. J. For. 1936, 34, 160–164.

64. Arthur, M.A.; Paratley, R.D.; Blankenship, B.A. Single and repeated fires affect survival and regeneration of
woody and herbaceous species in an oak-pine forest. J. Torrey Bot. Soc. 1998, 125, 225–236. [CrossRef]

65. Olson, D.F., Jr. Silvical Characteristics of Yellow-Poplar (L.); Res. Pap. SE-48; U.S. Department of Agriculture,
Forest Service, Southeastern Research Station: Asheville, NC, USA, 1969; p. 16.

66. Keyser, T.L.; Zarnoch, S.J. Stump sprout dynamics in response to reductions in stand density for nine upland
hardwood species in the southern Appalachian Mountains. For. Ecol. and Manag. 2014, 319, 29–35. [CrossRef]

67. Yanai, R.D.; Twery, M.J.; Stout, S.L. Woody understory response to changes in overstory density: Thinning in
Allegheny hardwoods. For. Ecol. Manag. 1998, 102, 45–60. [CrossRef]

68. Weber, T.A.; Hart, J.L.; Schweitzer, C.J.; Dey, D.C. Influence of gap-scale disturbance on developmental and
successional pathways in Quercus-Pinus stands. For. Ecol. Manag. 2014, 331, 60–70. [CrossRef]

https://www.ncdc.noaa.gov/sotc/drought/201610
https://www.ncdc.noaa.gov/sotc/drought/201610
http://dx.doi.org/10.1093/sjaf/13.4.163
https://www.na.fs.fed.us/Spfo/pubs/fidls/pine_sawfly/pinesawfly.htm
https://www.na.fs.fed.us/Spfo/pubs/fidls/pine_sawfly/pinesawfly.htm
http://dx.doi.org/10.3159/TORREY-D-18-00004.1
http://dx.doi.org/10.1007/s11056-015-9487-3
http://dx.doi.org/10.1093/sjaf/13.4.163
http://dx.doi.org/10.2307/2997220
http://dx.doi.org/10.1016/j.foreco.2014.01.045
http://dx.doi.org/10.1016/S0378-1127(97)00117-5
http://dx.doi.org/10.1016/j.foreco.2014.08.006


Forests 2020, 11, 457 18 of 18

69. Hibbs, D.E. Gap dynamics in a hemlock-hardwood forest. Can. J. For. Res. 1982, 12, 522–527. [CrossRef]
70. Lloyd, T.F.; White, D.L.; Abercrombie, J.A. Jr.; Waldrop, T.A. Releasing four-year-old pines in mixed

shortleaf-hardwood stands. In Proceedings of the Sixth Biennial Southern Silvicultural Research Conference,
Memphis, TN, USA, 30 October–1 Novomber 1991; Coleman, S.S., Neary, D.G., Eds.; General Technical
Report 70. U.S. Department of Agriculture, Forest Service, Southeastern Forest Experiment Station: Asheville,
NC, USA, 1991; pp. 852–857.

71. Miller, J.H.; Miller, K.V. Forest Plants of the Southeast and their Wildlife Uses, Revised ed.; The University of
Georgia Press: Athens, GA, USA, 2005; p. 454.

72. Nesom, G.; Davis, K. Mapleleaf Viburnum Viburnum Acerifolium L; U.S. Department of Agriculture, Natural
Resources Conservation Service Plant Guide: Chapel Hill, NC, USA, 2017; p. 3.

73. Coder, K. Buffalonut Pyrularia Pubera: Tree Root Parasite; University of Georgia, Warnell School of Forestry and
Natural Resources Outreach, Publication Number 13: Athens, GA, USA, 2016; p. 15.

74. Wright, H.A. Shrub response to fire, Wildland Shrubs—Their Biology and Utilization. In Proceedings of a
Symposium; McKell, C.M., Blaisdell, J.P., Goodin, J.R., Eds.; General Technical Report INT-1; U.S. Department
of Agriculture, Forest Service, Intermountain Research Station: Ogden, UT, USA, 1972; pp. 204–217.

75. Clark, F.B. Measures necessary for natural regeneration of oaks, yellow-poplar, sweetgum, and black walnut.
In The Silviculture of Oaks and Associated Species; Research Paper NE-144; U.S. Department of Agriculture,
Forest Service, Northeastern Forest Experiment Station: Broomall, PA, USA, 1970; p. 16.

76. Loftis, D.L. Regenerating southern Appalachian mixed hardwood stands with shelterwood method. Sout. J.
Appl. For. 1983, 7, 212–217. [CrossRef]

77. Cain, M.D.; Mann, W.F. Jr. Annual brush control increases early growth of loblolly pine. Sout. J. Appl. For.
1980, 4, 67–70. [CrossRef]

78. McQuilkin, R.A. Quercus prinus L. chestnut oak. In Silvics of North America; Hardwoods, R.M. Burns and B.H.
Honkala Tech cords, Agriculture Handbook 654; U.S. Department of Agriculture, Forest Service: Washington,
DC, USA, 1990; Volume 2, pp. 721–726.

79. Rogers, R. Quercus alba L. white oak. In Silvics of North America; Hardwoods, R.M. Burns and B.H. Honkala
Tech cords., Agriculture Handbook 654; U.S. Department of Agriculture, Forest Service: Washington, DC,
USA, 1990; Volume 2, pp. 605–613.

80. Miller, J.H. Directed foliar sprays of forestry herbicides for loblolly pine release. South. J. Appl. For. 1990, 14,
199–206. [CrossRef]

81. Abrams, M.D. The red maple paradox. BioScience 1998, 48, 355–364. [CrossRef]
82. Walters, R.S.; Yawney, H.W. Acer rubrum L. red maple. In Silvics of North America; Hardwoods, R.M. Burns

and B.H. Honkala Tech cords, Agriculture Handbook 654; U.S. Department of Agriculture, Forest Service:
Washington, DC, USA, 1990; Volume 2, pp. 60–69.

83. Löf, M.D.C.; Dey, R.M.; Navarro, D.F. Jacobs. Mechanical site preparation for forest restoration. New For.
2012, 43, 825–848. [CrossRef]

84. Cain, M.D. Woody and herbaceous competition effects on the growth of naturally regenerated loblolly and
shortleaf pine through 11 years. New For. 1997, 14, 107–125. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1139/x82-081
http://dx.doi.org/10.1093/sjaf/7.4.212
http://dx.doi.org/10.1093/sjaf/4.2.67
http://dx.doi.org/10.1093/sjaf/14.4.199
http://dx.doi.org/10.2307/1313374
http://dx.doi.org/10.1007/s11056-012-9332-x
http://dx.doi.org/10.1023/A:1006512721318
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Site and Treatments 
	Measurements 
	Statistical Analyses 

	Results 
	Shortleaf Pine Survival and Growth 
	Natural Regeneration Density, Growth, and Composition 
	Understory Light Levels 

	Discussion 
	Shortleaf Pine Survival and Growth 
	Natural Regeneration Density, Growth, and Composition 

	Management Implications and Conclusions 
	References

