RECRUITING OAK USING MIDSTORY HERBICIDE SHELTERWOOD
PRESCRIPTIONS IN CUMBERLAND PLATEAU FORESTS IN
ALABAMA, TENNESSEE, AND KENTUCKY
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Abstract—| examined the implementation of a midstory herbicide treatment as the first phase in a two-

phase shelterwood prescription in upland hardwood stands in Alabama, Tennessee, and Kentucky. The initial
prescription for all three sites was similar: use herbicide to reduce the density of the midstory, allowing increased
light to the established oak (Quercus spp.) reproduction. The goal was to increase understory light to at least

20 percent of full sun to promote oak seedling growth and recruitment over other species. Light was increased,

but ephemeral and not to the 20-percent full sun goal. Densities of large oak seedlings [>4 feet in height up to

1.5 inches diameter at breast height (dbh)] increased only on the Kentucky site, which had the most advance

oak reproduction of all three sites prior to treatment. Response of competitors, including shade-tolerant sugar
maple (Acer saccharum Marsh.), intolerant yellow-poplar (Liriodendron tulipifera L.), and ubiquitous red maple

(A. rubrum L.), also responded. Treating small stems (<1 inch dbh) and other tending treatments prior to overstory

may be warranted to maintain oak.

INTRODUCTION

he idea of applying the two-phase shelterwood
method to recruit oak (Quercus spp.) reproduction

into larger, competitive size classes, followed by
release, is not new. In the southern upland hardwood
forests, one original mention of using shelterwood
prescriptions came as a result of Frothingham’s (1917)
study, from which he concluded that total clearing or
clearing with reserves was needed for an immediate
start in the shape of stocked stands of desirable
species composition. He recognized the need to control
light to recruit oaks into competitive positons, and
recommended thinning where white oak (Q. alba L.) was
found overtopped by black (Q. velutina Lamark) and
scarlet oak (Q. coccinea Muench.). Shelterwood cutting
and selection cutting were also considered, but little
thought was given to present or future management
of young growth or to the reproduction status and
composition. From this study came the origins of
managing for desired species by altering light regimes.

For researchers who have devoted careers to studying
oak, an original and fundamental reference is work
conducted by Clarence Korstian (1927). His earliest
work was a cooperative project between the U.S.
Department of Agriculture Forest Service Appalachian
Forest Experiment Station and the School of Forestry at
Yale. He began by saying “. . . there is little information

available upon the seed and seedling characteristics
of the American oaks” (p. 7). Research by both the
Forest Service Appalachian and Northeastern Forest
Experiment Stations indicated that American chestnut
[Castanea dentata (Marsh.) Borkh.] was being replaced
by stands more highly stocked with various species

of oak (Korstian and Stickel 1927, Leffelman and
Hawley 1925). Korstian (1927) recommended natural
reproduction of oak by partial harvesting or a two- or
three-cut shelterwood method. His conclusions were
complemented by those of Leffelman and Hawley (1925),
whose work in Connecticut hardwoods also concluded
that the desired reproduction (oaks) originates prior

to the regeneration harvest, and was assisted in its
development under shelterwood prescriptions.

Downs and McQuilkin (1944), in a seminal paper,
focused on defining silviculture prescriptions for
sustaining oak stands using ‘quantitative evidence,’
with emphasis on the reproduction cohort. Seeding
habits, seed fate, and the amount of seed needed for
adequate restocking were quantified for northern red
(Q. rubra L.), black, scarlet, white, and chestnut oak

(Q. prinus L.), and cutting methods were described to
enhance seedling growth. They found that some form of
partial cutting benefited oak reproduction as litter and
canopy cover retarded acorn desiccation, partial shade
lent to sapling recruitment, and oak seed sources from
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trees with healthy, well-developed crowns were plentiful.
They referenced partial-cutting systems, including
shelterwood and selective cutting.

In 1961, Carvell and Tryon detailed the response of

oak under various environmental factors in an inclusive
examination of influences to oak regeneration (Carvell
and Tryon 1961). They showed that oak reproduction
was best on drier sites and thus more easily maintained
on those sites as opposed to moister exposures, in
which myriad factors increased the competition for light,
including more competition from herbaceous vegetation,
shrubs, and tolerant tree species, and denser overhead
canopies. The amount of sunlight in the understory

was the driving factor in oak seedling abundance and
subsequent recruitment into the larger size classes.
They concluded that the ability of oak reproduction to
persist was more related to environmental conditions
than its ability to become established, as overstory

seed sources were abundant and understory conditions
were not retarding germination. Finally, they suggested
a series of thinnings during the last years of a stand’s
rotation to get light to the small seedlings, allowing those
seedlings to grow into a more competitive position, prior
to overstory removal.

Tall (4.5 feet in height) oak reproduction was shown

to have a high potential to compete successfully in a
new stand (Sander 1972). To grow seedlings into larger
size classes, Sander (1979) prescribed a shelterwood
system in which the overstory density was reduced to
not <60 percent, and understory stems larger than the
oaks were selectively herbicided, followed by a 10-year
growth period. Overstory removal was to be done when
the stand had 430 stems per acre (SPA) of oak >4.5
feet tall (Sander 1979). In shelterwood prescriptions
examined by McGee (1975) and Loftis (1983), the first
cut to residual basal areas of 66 square feet per acre or
33 square feet per acre, followed 15 years later by all
overstory stem removal, resulted in the same species
composition as clearcutting. Loftis (1983) suggested

an initial phase | reduction of density to be minimal to
prevent high sunlight levels and stimulation of yellow-
poplar (Liriodendron tulipifera L.) germination and
growth, coupled with an herbicide treatment targeting
midstory stratum trees to prevent their resprouting
after final harvest. A combination of the shelterwood
method with site preparation to control understory
competition and allow oak to grow before complete
overstory removal was also proposed (Johnson and
others 1989). Essentially this work evolved into the two-
phase shelterwood prescription, in which 20 percent of
the basal area is reduced from below using herbicides
10 years prior to final harvest, to enhance growth of
oak over other woody competitors (Dey 1996, Kass and
Boyette 1998, Loftis 1990a, Lorimer and others 1994,
Parker and Dey 2008, Schlesinger and others 1993,
Schuler and Miller 1995).

Recruiting oak in the regeneration process has

become the focus of much oak-hardwood silviculture.
In upland hardwood systems in the eastern United
States, there remains sufficient seed source (sexually
mature oak trees) to provide seed for germination and
establishment. The challenge now is to introduce a
series of disturbances that will favor environmental
conditions, especially light, conducive to oak growth
response, over competing trees. This is essentially the
shelterwood prescription touted to regenerate oaks that
is still under examination today (Brose and others 2008;
Craig and others 2014; Hutchinson and others 2016;
Janzen and Hodges 1987; Lockhart and others 2000;
Loftis 1990b; Miller and others 2014, 2017; Parrott and
others 2012; Schweitzer and Dey 2011, 2017) and that
was first proposed by Leffelman and Hawley (1925) and
Korstian (1927).

| examined the implementation of the midstory herbicide
as the first phase in a two-phase shelterwood in upland
hardwood stands in Alabama, Tennessee, and Kentucky.
The initial prescription for all three sites was similar: use
herbicide to reduce the density of the midstory, allowing
increased light to the established oak reproduction.

The goal was to recruit the small oak reproduction into
larger sizes classes enhancing their competitive status
at the time of residual overstory removal. This paper
reviews the initial response of the reproduction for all
three sites, gives response following phase Il for the
Alabama sites, and details changes in the prescription
for both the Tennessee and Kentucky sites based on
preliminary results.

SITES AND METHODS

All three study locations were within the Cumberland
Plateau section of the Appalachian Plateaus
physiographic province (Fenneman 1938), and each
site had three to six replications, with stand sizes from
10 to 36 acres. All sites had replicated control stands.
The Alabama study was conducted in mature upland
hardwood forested sites located at the southern end of
the mid-Cumberland Plateau in northeastern Jackson
County, AL, on State lands managed by the Alabama
Department of Natural Resources and Conservation.
The area was classed into the Cliff section of the
Cumberland Plateau in the Mixed Mesophytic Forest
region by Braun (1950) and the Eastern Broadleaf Forest
(Oceanic) province and Northern Cumberland Plateau
section by Bailey (1995). The area is characterized

by steep slopes dissecting the plateau surface and
draining to the Tennessee River. Stands were located
on the escarpment between 1,245 and 1,667 feet
elevation. Upland oak site index was 75 to 80 feet, and
yellow-poplar site index was 100 feet (base age 50
years) (Smalley 1982). Soils are shallow to deep, stony
and gravelly loam or clay, well-drained, and formed in
colluvium from those on the plateau top (Smalley 1982).
Climate of the region is temperate with mild winters and
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moderately hot summers; mean annual temperature
is 55 °F, and mean annual precipitation is 59 inches
(Smalley 1982).

The midstory-herbicide shelterwood prescription was
implemented in two phases. The phase | goal was

to retain 75 percent of the basal area by removing
midstory stems. In 2001, the stands were treated using
an herbicide (Arsenal®, active ingredient imazapyr) by
means of the tree injection technique to deaden the
midstory. Rates of application were within the range
recommended by the manufacturer. AQueous solutions
were made in the laboratory, and then trees received
application via waist-level hatchet wounds using a small,
handheld sprayer. One incision was made per 3 inches
of diameter, and each incision received approximately
0.15 fluid ounce of solution. Herbicide treatments were
completed in autumn 2001, before leaf fall. The goal
was to minimize the creation of overstory canopy gaps
while removing 25 percent of the basal area in the
stand midstory. All injected trees were in lower canopy
positions [diameter at breast height (dbh) range of 1.5
to 10.5 inches; average dbh of treated stems was 2.9
inches], reducing the creation of canopy gaps.

Stands on average had 120.6 square feet per acre of
basal area and 320 stems per acre for all stems >1.5
inches dbh. Canopies were dominated by oaks (black,
northern red, white, and chestnut), yellow-poplar,
hickories (Carya spp.), and sugar maple (Acer saccharum
Marsh.), with a lesser proportion of ash (Fraxinus spp.)
and blackgum (Nyssa sylvatica Marsh.) (Schweitzer and
Dey 2011). Depending on the site, dogwood (Cornus
florida L.), sourwood (Oxydendrum arboreum DC.),
Carolina buckthorn (Rhamnus caroliniana Walt.), and
eastern redbud (Cercis canadensis L.) were common
understory species. Herbicide was applied to 202 SPA of
trees =1.5-10.5 inches dbh. Basal area removed in this
treatment was 19.4 square feet per acre, or 16.1 percent
of the total. Nine species were targeted in the herbicide
treatment. A. rubrum L. was the primary species for
removal (56 SPA treated), followed by sugar maple

(53 SPA treated) and blackgum (40 SPA treated).

Phase Il was implemented in 2010 after eight growing
seasons. Phase Il was the release or final harvest.
Merchantable trees, primarily those =5.5 inches dbh,
were removed through chainsaw felling and grapple
skidding (Schweitzer and Dey 2017).

The Tennessee study site was located on the mid-
Cumberland Plateau in Grundy County, in southern
Tennessee, on private timber industry lands managed by
Stevenson Land Company. The elevation of the site is
approximately 1,279-1,804 feet above sea level. The site
is just east of the Eastern Highland rim in a true plateau
with strongly dissected margins (Smalley 1982), and

in the Cliff section of Mixed Mesophytic Forest region

(Braun 1950). The site index is 75-80 feet for upland
oak and 100 feet for yellow-poplar (Smalley 1982). Soil
is deep and well drained, consisting of 30-75 percent
rocky slopes on the escarpment and classified as
Bouldin series, a stony loam formed in colluviums
weathered from interbedded sandstone, siltstone,
and shale (U.S. Department of Agriculture Natural
Resources Conservation Service 2007). The climate is
characterized by long, hot summers while winters are
mild and short (Smalley 1982). The average date of
last freeze is in mid- April, and the average date of the
first freeze occurs in mid- to late October. The annual
precipitation average is approximately 50 inches.

Midstory trees (1.0-11.0 inches dbh) were deadened
using a triclopyr herbicide solution (Garlon® 3A) injected
using the hack and squirt method. Rates and application
instructions were as described by the label: the herbicide
was diluted with water and applied at 0.03 ounce (1 ml)
per cut, with one cut per inch of diameter. The initial
treatment in 2008 did not kill targeted midstory trees

and was successfully reapplied in the fall/winter of

2009. Small stems (1.0-1.5 inches dbh) were severed or
scraped with a hatchet and the cut surface treated.

The dominant overstory trees at the site include yellow-
poplar, sugar maple, white oak, pignut hickory (Carya
glabra Sweet), and northern red oak (Cantrell and others
2013). The stands on average had a basal area of 119.7
square feet per acre and a density of 306 SPA (trees >1.5
inches dbh). Herbicided trees totaled 207 SPA, averaging
3.6 inches dbh. After treatment, there were 182 residual
SPA; deadened basal area totaled 12.3 square feet per
acre. The majority of the treated trees were sugar maple
(89 SPA), followed by 8 SPA of blackgum, 5 SPA of

red maple, and 5 SPA of basswood (Tilia glabra Vent.).
Remaining treated stems (2 or 3 SPA) were beech (Fagus
grandifolia Ehrh.), black locust (Robinia pseudoacacia L.),
eastern red bud, flowering dogwood, pignut hickory, red
hickory (C. ovalis Sarg.), sassafras [Sassafras albidum
(Nutt.) Nees.], and red maple.

The Kentucky study area is located on the Cold Hill

Area of the London Ranger District of the Daniel Boone
National Forest (DBNF), under federal jurisdiction. The
treatment stands are described by Smalley (1986) as

the Rugged Eastern Area of the Northern Cumberland
Plateau, with mixed oak and oak-hickory forest
communities mingled with mixed mesophytic forests
(Braun 1950). All treatment stands were located on broad
ridges. Soils on the study sites are predominantly silt
loams belonging to the Latham, Shelocta, and Whitley
soil series (Smalley 1986). Site indices for upland oaks
are 50-65 feet on subxeric sites (McNab and others
2002, Smalley 1986). Treatment stands were relatively
similar prior to treatment and uniform within stand
boundaries, and are best described as upland hardwood
forests dominated by oak species. The stands have
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been subjected to various silvicultural treatments,
including harvesting and prescribed burning, since the
National Forest acquired the land, but the stands are
representative of fully stocked upland hardwood forests
on the Cumberland Plateau.

An herbicide was used to remove the midstory, with
treatment applied between October 2008 and March
2009. Undesirable tree species <3 inches dbh were
treated with a thin line basal bark treatment using
triclopyr ester (Garlon® 4). Trees >3 inches dbh in the
midstories and understories were treated with a stem
injection method using triclopyr amine (Garlon® 3A).
Application rates followed labeling directions.

The forest type on the study sites predominantly
comprised white oak, scarlet oak, black oak, and red
maple. For all stems with dbh >1.5 inches, basal area
changed from 100.0 square feet per acre pretreatment
to 85.8 square feet per acre posttreatment, and SPA
changed from 333 pretreatment to 139 posttreatment.
We herbicide-treated, on average, 176 SPA that had

an average dbh of 3.0 inches and a range of dbh of 1.6
to 9.1 inches. Of the 176 SPA treated with herbicide,
106 were red maple, 13 were yellow-poplar, and

the rest included blackgum, sourwood, sassafras,
bigleaf magnolia (Magnolia macrophylla Michx.), and
serviceberry [Amelanchier aborea (Michx. f. Fern.)]. The
residual stands comprised primarily oaks, hickories,
and red maple, with a lesser component of shortleaf
pine (Pinus echinata Mill.), yellow-poplar, sourwood, and
flowering dogwood (Schweitzer and others 2011).

Field Techniques

Prior to treatment, measurement plots were
systematically located in each treatment area. Plot
centers were permanently marked with a 2-foot piece of
reinforcing steel, and GPS coordinates were recorded.
Using the plot center, all trees were monumented
(distance and azimuth measured and recorded from plot
center, each tree tagged with a numbered aluminum
tag) and species and dbh recorded. Each site differed
slightly with regard to overstory and midstory survey
plot size, but all plots were fixed radius circular plots.
The Alabama site had concentric plots of 0.2 acre for
overstory (>5.6 inches dbh) and 0.025 acre for midstory
(=1.5 inches dbh). The Tennessee site’s overstory plots
were 0.125 acre and midstory plots were 0.02 acre;
plots were also concentric. The Kentucky site used one
0.1-acre plot for both overstory and midstory trees. For
the reproduction, all woody vegetation was sampled

on 0.01-acre circular plots, located at plot center for
Alabama and Tennessee sites, and offset 14 feet from
plot center in Kentucky. All reproduction was tallied by
species by 1-foot height classes up to 4.5 feet tall; large
seedlings were recorded as those >4.5 feet tall up to
1.5 inches dbh. Trees >1.5 inches dbh were tallied by

diameter. Reproduction tallies were truncated at 25 for
each species on each plot.

To determine how much of full sunlight was penetrating
the canopy and reaching the seedling layer through the
residual stand structure, | measured photosynthetically
active radiation (umol m=s-') in the understory and
compared those values to measurements taken
simultaneously in full sunlight. | used two AccuPar Linear
Par Ceptometers, Model PAR-80 (Decagon Devices

Inc., Pullman, WA). Measurements with one ceptometer
were taken at 4.5 feet above the forest floor at each plot
center and along transects equally dissecting each plot.
Measurements with the second ceptometer were taken
in completely open conditions adjacent to each stand.
By matching two simultaneous readings, | could take
into account some variation caused by changes in cloud
cover. Canopy cover was estimated using a hand-held
spherical densitometer, with five measurements obtained
at each plot, one 10 feet from plot center in each
cardinal direction and one at plot center.

RESULTS
Canopy Cover and Understory Light

Canopy cover for the Alabama site was 99.8 percent
pretreatment, and slowly declined to 94.0 percent eight
growing seasons posttreatment (fig. 1). The percent of
full sunlight reaching the forest floor was not measured
pretreatment for this site; however, in the first two
growing seasons posttreatment, the measured light
was 16.7 and 17.1 percent, compared to 8 and 6.4
percent for control stands. By the third growing season,
understory light was 6.2 percent, and ranged from 6.2
to 10.0 percent during the next 5 years of measurement.
These same trends, with an initial but ephemeral
increase in light coupled with a slight decrease in canopy
cover, were also found for the Tennessee and Kentucky
sites (fig. 1). Light measurements on the Kentucky site
for the control stands showed that light was <5 percent
of full ambient light under these closed canopies
(Grayson and others 2012).

Reproduction Composition and Structure

On the Alabama site, the reproduction cohort had 32
species and averaged 9,214 SPA (table 1). Seventy-six
percent of the stems were <1 foot tall, 19 percent were
>1 foot to 4.5 feet tall, and 4 percent were >4.5 feet tall-
1.5 inches dbh. For all reproduction sizes, 22.1 percent
were sugar maple, 19.5 percent were oaks [black,
chinkapin (Q. muehlenbergii Englem.), chestnut, northern
red, white], 9.4 percent were red maple, 4 percent were
hickories [mockernut (C. tomentosa Nutt.), red, shagbark
(C. ovata K. Koch.)], 2.9 percent were ash, and 1 percent
were yellow-poplar. The 46 percent of species in the
other category included future canopy species such

as beech, blackgum, cucumber tree (M. acuminata L.),
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Figure 1—Percent canopy cover and understory light measured in August for three sites subjected to
a midstory herbicide shelterwood treatment; no light was recorded for the Kentucky site. The first bar
for each graph represents pretreatment levels.
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Table 1—Stems per acre of reproduction by species and size class for pretreatment (pre) and
5 years following a midstory herbicide shelterwood treatment (post) for stands in Jackson

County, AL
<1 ft 1-4.5 ft 4.5 ft-1.5 in dbh Total
Pre Post Pre Post Pre Post Pre Post
All spp. 7,038 6,319 1,776 3,352 400 729 9,214 10,400
Oak spp. 1,524 748 29 105 0 0 1,652 852
Yellow-poplar 52 943 14 524 0 43 67 1,510
Ash 181 724 33 119 14 10 229 852
Hickory spp. 333 295 24 24 5 5 362 324
Sugar maple 1,486 1,495 290 429 110 133 1,886 2,057
Red maple 805 881 52 138 10 10 867 1,029
Other spp. 2,657 1,233 1,333 2,014 262 529 4,252 3,776

sassafras, and sourwood, and midstory stratum species
including blackhaw (Viburnum prunifolium L.), Carolina
buckthorn, eastern hophornbeam (Ostrya virginiana K.
Koch.), eastern redbud, flowering dogwood, Viburnum
species, and Vaccinium species. These species
dominated all size classes and were 65-78 percent of
the >1-foot tallies. Pretreatment oaks were 1,524 SPA,
and 21.7 percent of these oaks were in the <1-foot-tall
height class. There were 29 SPA of oak in the >1-foot

to <2-feet size class, and none in any other size class.
On the Alabama sites, sugar maple reproduction was
prevalent in all size classes, with 1,486 SPA in the <1-
foot size class, 290 SPA in the >1-foot to 4.5-feet class,
and 110 SPA >4.5 feet tall up to 1.5 inches dbh (table 1).

After five growing seasons post-midstory herbicide, the
shift in the reproduction cohort was pronounced, and
for most species there was recruitment into larger size
classes (table 1). Yellow-poplar had the largest increase
of 1,443 SPA, representing a 13 percent change in the
proportion of the total density. All size classes of yellow-
poplar accrued seedlings and represented 14.5 percent
of the regeneration cohort. Ash seedlings also increased
to 8.2 percent of the cohort, and SPA increased in

all size classes. Sugar maple seedlings continued to
comprise a significant component of the seedling pool,
representing 9.8 percent of the total seedling density
and 18 percent of the largest size class. Sugar maple
seedlings in the >3-4.5-feet size class declined by 33
SPA, as these stems recruited into the next and largest
size class, which increased from 110 to 133 SPA. Oak
seedling densities declined by 700 SPA; the majority of
this loss was in the <1-foot-tall size class, and there was
recruitment of oak into the >1-foot to <2-feet and >2-feet
to <3-feet size classes. No oak recruited into the largest
size class.

Phase Il on the Alabama site was implemented in 2010
after eight growing seasons. Phase Il was the release

or final harvest. Merchantable trees, primarily those

>5.5 inches dbh, were removed through chainsaw felling
and grapple skidding. After the harvest, the stands had
14.5 square feet per acre of basal area and 19 SPA. Four
years after the final harvest, the species composition of
larger stems in the stands was scant; only two species,
eastern redbud and ash, provided any structure for
stems >1.5 inches. The species of residual stems after
the final harvest were red hickory, beech, ash, black
cherry (Prunus serotina Ehrh.), and black locust. The red
hickory was the largest diameter tallied at 11.5 inches
dbh; the other stems were all <4.0 inches dbh. Four
years after the final harvest, total oak densities were

914 SPA. Thirty-three percent of total oak stems were in
the largest size class, which represented a change from
none before treatment to 300 SPA following four growing
seasons after the final harvest. In 2014, yellow-poplar
had the greatest number of SPA in the largest seedling
size class at 995 SPA. In 2009, just prior to overstory
removal, there were 500 SPA of yellow-poplar, with

a gradient of stems across the seedling size classes;

42 percent were in the <1-foot-tall size class, 37 percent
were >1 foot to <2 feet tall, 12 percent were >2 feet to <3
feet tall, and 9 percent were >3 feet to <1.5 inches dbh.
In 2014, we found no differences for yellow-poplar tallies
between the midstory shelterwood treatment and the
clearcut (cut in 2010 also). In the clearcut, 75 percent of
the total 2,376 SPA of yellow-poplar were in the largest
seedling size class, and in shelterwood, 50 percent of
the 1,986 SPA were in the largest size class (Schweitzer
and Dey 2017).

Reproduction species richness for the Tennessee
location included 41 species; oaks included black,
chinkapin, chestnut, northern red, scarlet, and white
oak. Hickories included bitternut (C. cordiformis K.
Koch.), pignut, red, shagbark, and mockernut, and the
site had similar ‘other’ canopy species and midstory
species to the Alabama site. The reproduction in the
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Tennessee stands was dominated by sugar maple,
which represented 29.9 percent of the cohort. Sugar
maple densities were 2,639 SPA, with 1,291 <1 foot tall,
437 =1 foot tall to 4.5 feet tall, and 369 SPA 4.5 feet tall
to 1.5 inches dbh (table 2). There were few stems in the
larger size classes of any other species except those
grouped in the other category. Ash seedling densities
totaled 1,007, with the majority in the smallest size
class (863 SPA), 134 SPA >1 foot to 4.5 feet tall, and 10
SPA in the largest size class. Oaks were greatest in the
smallest size class at 646 SPA, with 60 SPA >1 foot to
<3 feet tall. There were no oaks in the larger seedling
size classes.

After only two growing seasons, the largest change in
the portion of total seedling densities by species was
for yellow-poplar, which increased 3.1 percent. Yellow-
poplar densities increased from 27 to 324 SPA, with the
largest increase in the smallest size class (from 3 SPA

pretreatment to 297 posttreatment) and a concurrent
increase from 5 to 12 SPA in the largest size class

(table 2). The reproduction cohort remained dominated
by sugar maple, which increased by 1,304 SPA in the
smallest size class, but decreased by 259 SPA in the
largest size class. Oak total seedling densities declined
from 706 to 608 SPA; however only the smallest sizes
declined, with recruitment of these stems into larger
size classes. Oak seedling classes >3 feet to 4.5 feet
tall and 4.5 feet-1.5 inches dbh each had 3 SPA accrual.

Stands on the DBNF in Kentucky had 38 species
tallied in the understory, with 6 oaks [white, scarlet,
southern red (Q. falcata Michx.), chestnut, northern
red, and black] and 2 hickories (pignut and mockernut).
The regeneration cohort was dominated by red maple
(8,957 SPA, 31.2 percent of the total) and oaks (2,753
SPA, 21.5 percent of the total). Red maple seedlings
were dominant across all size classes (table 3). Oak

Table 2—Stems per acre of reproduction by species and size class for pretreatment
(pre) and 2 years following a midstory herbicide shelterwood treatment (post) for

stands in Grundy County, TN

<1ft 1-4.5 ft 4.5 ft-1.5 in dbh Total

Pre Post Pre Post Pre Post Pre Post
All spp. 4,798 5860 1,642 2953 633 359 7,027 9,172
Oak spp. 646 543 60 62 0 3 706 608
Yellow-poplar 3 297 18 15 5 12 27 324
Ash 863 1,027 134 220 10 22 1,007 1,269
Hickory spp. 426 554 50 65 2 2 478 621
Sugar maple 1,291 1,595 438 1,189 369 110 2,098 2,894
Red maple 140 180 60 167 2 0 202 347
Other spp. 1,428 1,663 965 1,234 245 210 2,639 3,108

Table 3—Stems per acre of reproduction by species and size class for pretreatment (pre)
and 5 years following a midstory herbicide shelterwood treatment (post) for stands in Laurel

County, TN
<1 ft 1-4.5 ft 4.5 ft—1.5in dbh Total
Pre Post Pre Post Pre Post Pre Post
All spp. 7,973 17,060 3,633 0 1,080 2428 12,687 26,111
Oak spp. 2,077 2,821 613 556 43 163 2,733 4,179
Yellow-poplar 200 77 120 3,260 67 117 387 256
Ash 27 17 13 63 3 10 43 47
Hickory spp. 467 456 447 20 120 220 1,033 1,232
Sugar maple 0 0 0 1,528 0 0 0 0
Red maple 2,187 11,245 1,277 0 493 1,375 3,957 15,881
Other spp. 3,017 2,444 1,163 6,623 353 543 4,533 4,515
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seedlings were highest in the smallest size class (2,077
SPA), but oaks were well distributed across all seedling
size classes, and there were 614 SPA of oaks >1 foot to
4.5 feet tall and 43 SPA in the largest size class. Hickory
reproduction was 8 percent of the cohort, with seedlings
distributed among all size classes. Ash seedlings were
scant and small, and there was no sugar maple on

this site.

After five growing seasons, red maple seedlings
increased by 29.6 percent, with an increase of 882 SPA
in the largest size class. Red maple seedlings dominated
all size classes and doubled or more in their densities
in each size class (table 3). The remaining non-oak and
oak groups also increased (table 3). Oaks increased
across all size classes, and recruitment of oak into the
largest seedling sizes was 120 SPA, resulting in a total
of 163 SPA of large oak seedlings; the next largest size,
>3 feet to 4.5 feet tall, also increased, from 37 to 180
SPA. Yellow-poplar seedling densities declined across
all sizes, and hickories increased across all sizes,

with the greatest increase for hickories in the largest
seedling sizes.

DISCUSSION

The midstory oak shelterwood prescription is predicated
on altering light in the understory to create conditions
more conducive to oak growth and subsequent
recruitment into larger seedling size classes over

other co-occurring species. For most stands, where

oak remains in the overstory, oak reproduction exists,
although it is small in stature and low in density.

Because sites differ greatly in their understory species
composition, primarily due to inherent site characteristics
and past stand disturbance regimes, the response

of the oak, coupled with the concurrent response of
competing woody vegetation, will differ. Oak is easier to
regenerate on xeric than mesic sites (Carvell and Tryon
1961, Weitzman and Trimble 1957), and the range of light
conditions favorable to oak seedling growth is narrower
on mesic sites (Hodges and Gardiner 1993).

It has been well-established that light is the primary
driver in the oak recruitment conundrum, and that an
increase in understory light up to at least 20 percent of
full sunlight is imperative. This is the minimum level and
was a goal for these studies because of the concern
over stimulating yellow-poplar with any increase in light.
Kramer and Decker (1944) and Ferrell (1953) were early
reporters of the need to increase light in the understory
to promote oak; their collective recommendations

were to increase light up to one-third of full sunlight.
Suggestions to increase light during the last years of
rotation were made by Downs and McQuilken (1944),
Weitzman and Trimble (1957), Scholz and DeVriend
(1957), Tryon and Carvell (1958), and McGee (1975).
Light availability in studies of midstory removal at phase |
of a shelterwood prescription have been reported at

10-20 percent of full sun (Dey and others 2012, Lhotka
and Loewenstein 2009, Lorimer and others 1994,

Miller and others 2004, Schweitzer and Dey 2011).
Gottschalk (1985) identified the optimal range of light to
grow understory oak at 40-percent reduction of basal
area with an increased understory light of 20 percent,
with a caveat of caution that the use of a midstory
shelterwood was not promising to favor oak over

black cherry and red maple. Ostrom and Loewenstein
(2006) removed the midstory in a mesic Piedmont
forest in Georgia and found that light only increased to
10 percent of full sunlight, and midstory removal in a
bottomland hardwood forest in Missouri increased light
to 15 percent (Motsinger and others 2010). In Kentucky,
understory light evaluated immediately after midstory
herbicide treatment was 10 percent of full light, and was
14 percent 7 years later (Parrott and others 2012). Also
in Kentucky, a removal of 20 percent of the basal area
from below in an upland hardwood stand resulted in an
increase of light from 4 to 18.5 percent of full sunlight
(Craig and others 2014).

The challenge is altering light enough to stimulate
growth, but not so much that shade-intolerant, or
other, species respond more favorably than oak. This
response is dependent on the species composition and
competitive status within each stand.

Deadening the midstory allowed an ephemeral increase
in light to the understory. Overstory canopy cover was
not changed, but growing space was created in the
midstory stratum. On the Alabama site, competition

was from shade-intolerant yellow-poplar, which came

in as new seedlings, and shade-intolerant sugar maple.
The response of yellow-poplar to high light conditions
was one driver behind using a midstory shelterwood to
promote oak (Beck and Hooper 1986; Loftis 1978, 1983,
1990a). Because the understory sugar maple that was
<1.5 inches dbh was not treated, these residual stems
took full advantage of the opened growing space and
quickly occupied the midstory (Schweitzer and Dey
2015). Hutchinson and others (2016) also found that lack
of herbicide treatment for small shade-tolerant species
(blackgum and sourwood) resulted in their impediment
to oak response. This compensatory increase in the
larger size class of sugar maple, or other shade-tolerant
species, contributed to the competition for light in

the understory. As with Hutchinson and others’ study
(2016) germination and establishment of yellow-poplar
seedlings also occurred, but on the Alabama site by the
oth growing season, they began to decline from a high of
18 percent of the total reproduction cohort to 4 percent.
Tolerant sugar maple soon shaded out less tolerant ash
and yellow-poplar seedlings (Sander and Williamson
1957) and increased most under heavy crown cover
(Hannah 1991). However, there were 40 SPA of large
yellow-poplar seedlings at the time of overstory removal.
Prior to overstory removal in phase Il, there were
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250 SPA of sugar maple in the largest size class and only
7 oaks. The competition from both yellow-poplar and
sugar maple most likely deterred oak from recruiting into
greater numbers into the largest size class (Schweitzer
and Dey 2016).

The Tennessee study was implemented after the
Alabama site, and the prescription was slightly altered

to treat more of the smaller understory sugar maple.
Tweaking the prescription to target the smaller sugar
maple (1-3 inches dbh) may facilitate a less transient
light response as these trees would be removed and
thus unable to occupy any newly created growing space.
On productive sites, however, caution is needed as this
may enhance germination and growth of yellow-poplar.
On these productive sites, light levels in the understory
may not be high enough to sustain the yellow-poplar,
but their competitiveness under these conditions must
be considered. Although the increase in understory light
was small, recruitment into larger size classes was found
for all species, and sugar maple once again dominated
the reproduction cohort. This dense population of sugar
maple will essentially shade the understory and prevent
the recruitment of oak into larger sizes.

In Kentucky, the sites were slightly different, located
more on xeric, broad ridges. These sites had the greatest
potential for recruiting oak because of lower site quality
(Carvell and Tryon 1961) and high densities of oak
reproduction. The treatment did not increase light above
a threshold 20 percent of full sunlight level (Grayson

and others 2012). However, there was an increase in

the density and proportion of larger seedlings for oak,
hickory, and red maple. Other studies on similar sites in
Kentucky have found that red maple can be competitive
with oaks after some disturbance (Arthur and others
1997, Lhotka 2012, Tift and Fajvan 1999), and Parrott
and others (2012) found red maple comprised 57 percent
of the reproduction stems and were most abundant in
larger size classes 7 years after a midstory treatment.

In order to maintain the stocking of oak, the Kentucky
study stands will receive a site preparation herbicide
treatment prior to overstory removal (Clatterbuck

and Armel 2011, Hutchinson and others 2016). A
shelterwood with reserves regeneration harvest retaining
10 to 15 square feet per acre basal area is scheduled
for phase Il. Pre-harvest site preparation via herbicide
treatment of the red maple stems will be implemented

2 years prior to the harvest. Herbicide (imazapyr) will be
applied to the cut surface of red maple stems using a
backpack sprayer or spray bottles.

CONCLUSION

Regeneration success cannot be determined until after
the parent stand has been removed. Under most stand
conditions, oak reproduction lacks adequacy in size
and number, and intense manipulation will be required

to recruit oak into larger size classes and promote the
highest probability of retaining oak dominance in the
next stand. Competition and differential growth rates
among species in mixed species stands drive future
stand composition. The theory of shade tolerance
predicts that growth of species with differing tolerances
must intersect at some point of moderate light intensity.
The midstory shelterwood prescription using herbicide
to deaden midstory trees is predicated on finding this
optimal point. Removing trees from the lower (mid)
canopy layers as the first phase will provide favorable
light conditions to grow and recruit oak into larger sizes.
Timing this treatment with a good acorn crop increases
the potential for recruitment. Consideration of lingering
small shade-tolerant species must be done and if a
threat of their recruitment is present, those small stems
should be also be treated along with midstory stems.
Depending on site conditions and species composition,
a 5- to 10-year growth response period should be
allowed, reproduction status assessed, and a cleaning of
undesirable stems performed if warranted. The number
and size of desirable oak stems are dependent on site
and ownership goals, but error given towards larger and
more being better. A final overstory removal to release
oak is imperative to complete the process.

ACKNOWLEDGMENTS

This work was made possible through partnerships

and many devoted people, including Ryan Sisk and
Matt Zirbel with the Southern Research Station, Greg
Janzen with the Stevenson Land Company, and Robbie
Sitzlar and Paul Finke with the National Forest System.
Thanks to Kyle Cunningham and Brian Lockhart for their
considerate review comments.

LITERATURE CITED

Arthur, M.A.; Muller, R.N.; Costello, S. 1997. Species composition
in a central hardwood forest in Kentucky 11 years after
clearcutting. American Midland Naturalist. 137(2): 274-281.

Bailey, R.G. 1995. Description of the ecoregions of the United
States. 2d ed., rev. Misc. Publ. 1391. Washington, DC: U.S.
Department of Agriculture. 108 p. + map.

Beck, D.E.; Hooper, R.M. 1986. Development of a Southern
Appalachian hardwood stand after cutting. Southern Journal of
Applied Forestry. 10(3): 168-172.

Braun, E.L. 1950. Eastern deciduous forests of North America.
Philadelphia: The Blakiston Company. 596 p.

Brose, P.H.; Gottschalk, S.B.; Horsley, P.D. [and others]. 2008.
Prescribing regeneration treatments for mixed-oak forests in
the Mid-Atlantic region. Gen. Tech. Rep. NRS-33. Newtown
Square, PA: U.S. Department of Agriculture Forest Service,
Northern Research Station. 100 p.

Cantrell, A.; Wang, Y.; Schweitzer, C.; Greenberg, C. 2013. Short-
term response of herpetofauna to oak regeneration treatments
on the Mid-Cumberland Plateau of southern Tennessee. Forest
Ecology and Management. 295: 239-247.

Carvell, K.L.; Tryon, E.H. 1961. The effect of environmental factors
on the abundance of oak regeneration beneath mature oak
stands. Forest Science. 7(2): 98-105.

Oak Symposium: Sustaining 0ak Forests in the 21st Century through Science-based Management 59



Clatterbuck, W.K.; Armel, G.R. 2011. Site preparation for natural
regeneration of hardwoods. Professional hardwood notes.
Publication PB1799. Knoxville, TN: University of Tennessee,
Extension, Institute of Agriculture. 12 p.

Craig, J.M.; Lhotka, J.M.; Stringer, J.W. 2014. Evaluating initial
responses of natural and underplanted oak reproduction and a
shade-tolerant competitor to midstory removal. Forest Science.
60(6): 1164-1171.

Dey, D.C. 1996. Regeneration of red oak (Quercus rubra L.)
using shelterwood systems: ecophysiology, silviculture and
management recommendations. Ontario Forest Research
Institute, Sault Ste. Marie, Ontario, Canada. Forest Search
Information Paper No. 126. 59 p.

Dey, D.C.; Gardiner, E.S.; Schweitzer, C.J [and others]. 2012.
Underplanting to sustain future stocking of oak (Quercus) in
temperate deciduous forests. New Forests. 43(5-6): 955-978.

Downs, A.A.; McQuilkin, W.E. 1944. Seed production of southern
Appalachian oaks. Journal of Forestry. 42(12): 913-920.

Fenneman, N.M. 1938. Physiography of Eastern United States.
New York: McGraw-Hill Book Company. 714 p.

Ferrell, W.K. 1953. Effect of environmental conditions on survival
and growth of forest tree seedlings under field conditions in the
Piedmont region of North Carolina. Ecology. 34(4): 667-688.

Frothingham, E.H. 1917. Report on study of cut-over areas in the
Southern Appalachians. RS-Mc2-D-7. Washington, DC: U.S.
Department of Agriculture Forest Service. 229 p.

Gottschalk, K.W. 1985. Effects of shading on growth and
development of northern red oak, black oak, black cherry, and
red maple seedlings. In: Dawson, J.0O.; Majerus, K.A., eds.
Proceedings of the 5t central hardwood forest conference.
SAF Publ. 85-05. Champaign-Urbana, IL: University of lllinois:
189-195.

Grayson, S.F.; Buckley, D.S.; Henning, J.G. [and others]. 2012.
Understory light regimes following silvicultural treatments in
central hardwood forests in Kentucky, USA. Forest Ecology and
Management. 279: 66-76.

Hannah, P.R. 1991. Regeneration of northern hardwoods in the
northeast with the shelterwood method. Northern Journal of
Applied Forestry. 8(3): 99-104.

Hodges, J.D.; Gardiner, E.S. 1993. Ecology and physiology of
oak regeneration. In: Loftis, D.L.; McGee, C.E., eds. Oak
regeneration: serious problems, practical recommendations.
Gen. Tech. Rep. SE-84. Asheville, NC: U.S. Department of
Agriculture Forest Service, Southeastern Experiment Station:
54-64.

Hutchinson, T.F.; Rebbeck, J.; Stout, S.L. 2016. The devil is in
the small dense saplings: A midstory herbicide treatment
has limited effects on short-term regeneration outcomes in
oak shelterwood stands. Forest Ecology and Management.
372: 189-198.

Janzen, G.C.; Hodges, J.D. 1987. Development of advanced
oak regeneration as influenced by removal of midstory and
understory vegetation. In: Phillips, D.R., comp. Proceedings
of the 4t biennial southern silvicultural research conference.
Gen. Tech. Rep. SE-42. Asheville, NC: U.S. Department of
Agriculture Forest Service, Southeastern Experiment Station:
455-461.

Johnson, PS.; Jacobs, R.D.; Martin, A.J.; Godel, E. 1989.
Regenerating northern red oak: three successful case histories.
Northern Journal of Applied Forestry. 6: 174-178.

Kass, D.J.; Boyette, W.G. 1998. Preharvest herbicide method to
develop competitive oak reproduction in upland oak stands of
the mountains and piedmont of North Carolina—7-year results.
In: Waldrop, T.A., ed. Proceedings of the 9th biennial southern
silvicultural research conference. Gen. Tech. Rep. SRS-20.
Asheville, NC: U.S. Department of Agriculture Forest Service,
Southern Research Station: 253-256.

Korstian, C.F. 1927. Factors controlling germination and early
survival in oaks. New Haven, CT: Yale University, School of
Forestry Bulletin No 19. 109 p.

Korstian, C.F.; Stickel, PW. 1927. The natural replacement of
blight-killed chestnut in the hardwood forests of the Northeast.
Journal of Agricultural Research. 34(7): 631-647.

Kramer, PJ.; Decker, J.P. 1944. Relation between light intensity
and rate of photosynthesis of loblolly pine and certain
hardwoods. Plant Physiology. 19(2): 350-358.

Leffelman, L.J; Hawley, R.C. 1925. Studies of Connecticut
hardwoods; the treatment of advance growth arising as a result
of thinning and shelterwood cuttings. New Haven, CT: Yale
University, School of Forestry Bulletin No. 15. 68 p.

Lhotka, J.M. 2012. Effect of gap size on mid-rotation stand
structure and species composition in a naturally regenerated
mixed broadleaf forest. New Forests. 44(3): 311-325.

Lhotka, J.M.; Loewenstein, E.F. 2009. Effect of midstory removal
on understory light availability and the 2-year response of
underplanted cherrybark oak seedlings. Southern Journal of
Applied Forestry. 33(4): 171-177.

Lockhart, B.R.; Hodges, J.D.; Gardiner, E.S. 2000. Response of
advance cherrybark oak reproduction to midstory removal
and shoot clipping. Southern Journal of Applied Forestry.
24(1): 45-50.

Loftis, D.L. 1978. Preharvest herbicide control of undesirable
vegetation in southern Appalachian hardwoods. Southern
Journal of Applied Forestry. 2(2): 51-54.

Loftis, D.L. 1983. Regenerating southern Appalachian mixed
hardwood stands with the shelterwood method. Southern
Journal of Applied Forestry. 7(4): 212-217.

Loftis, D.L. 1990a. A shelterwood method for regenerating red oak
in the Southern Appalachians. Forest Science. 36(4): 917-929.

Loftis, D.L. 1990b. Predicting post-harvest performance of
advance red oak reproduction in the southern Appalachians.
Forest Science. 36(4): 908-916.

Lorimer, C.G.; Chapman, J.W.; Lanbert, W.D. 1994. Tall understory
vegetation as a factor in the poor development of oak seedlings
beneath mature stands. Journal of Ecology. 82(2): 227-237.

McGee, C.E. 1975. Regeneration alternatives in mixed oak
stands. Res. Pap. SE-125. Asheville, NC: U.S. Department of
Agriculture Forest Service, Southeastern Forest Experiment
Station. 8 p.

McNab, W.H.; Loftis, D.L.; Sheffield, R.M. 2002. Testing tree
indicator species for classifying site productivity in southern
Appalachian hardwood stands. In: Proceedings of the Society
of American Foresters 2002 national convention. Bethesda,
MD: Society of American Foresters: 350-356.

Miller, EW.; Kochenderfer, J.H.; Kochenderfer, J.D.; Gottschalk,
K.W. 2014. Ten-year response of competing vegetation after
oak shelterwood treatments in West Virginia. In: Groninger,
J.W.; Holzmueller, E.J.; Nielsen, C.K.; Dey, D.C., eds.
Proceedings of the 19" central hardwood forest conference.
Gen. Tech. Rep. NRS-P-142. Newtown Square, PA: U.S.
Department of Agriculture Forest Service, Northern Research
Station: 156-171.

60 Shelterwood Methods for Oak Regeneration



Miller, G.W.; Brose, P.H.; Gottschalk, K.W. 2017. Advanced
oak seedling development as influenced by shelterwood
treatments, competition control, deer fencing, and prescribed
fire. Journal of Forestry. 115(3): 179-189.

Miller, G.W.; Kochenderfer, J.N.; Gottschalk, K.W. 2004. Effect
of pre-harvest shade control and fencing on northern red
oak seedling development in the Central Appalachians. In:
Spetich, M.A., ed. Upland oak ecology symposium: history,
current conditions, and sustainability. Gen. Tech. Rep. SRS-73.
Asheville, NC: U.S. Department of Agriculture Forest Service,
Southern Research Station: 182-189.

Motsinger, J.R.; Kabrick, J.M.; Dey, D.C. [and others]. 2010. Effect
of midstory and understory removal on the establishment
and development of natural and artificial pin oak advance
reproduction in bottomland forests. New Forests. 39: 195-213.

Ostrom, B.J.; Loewenstein, E.F. 2006. Light transmittance
following midstory removal in a riparian hardwood forest. In:
Connor, K.F,, ed. Proceedings of the 13" biennial southern
silvicultural research conference. Gen. Tech. Rep. SRS-92.
Asheville, NC: U.S. Department of Agriculture Forest Service,
Southern Research Station: 265-268.

Parker, W.C.; Dey, D.C. 2008. Influence of overstory density on
ecophysiology of red oak (Quercus rubra) and sugar maple
(Acer saccharum) seedlings in central Ontario shelterwoods.
Tree Physiology. 28: 797-804.

Parrott, D.L.; Lhotka, J.M; Stringer, J.W.; Dillaway, D.N. 2012.
Seven-year effects of midstory removal on natural and
underplanted oak reproduction. Northern Journal of Applied
Forestry. 29(4): 182-190.

Sander, I.L. 1972. Size of advance reproduction: Key to growth
following harvest cutting. Res. Pap. NC-79. St. Paul, MN: U.S.
Department of Agriculture Forest Service, North Central Forest
Experiment Station. 6 p.

Sander, I.L. 1979. Regenerating oaks with the shelterwood
system. In: Holt, H.A.; Fischer, B.C., eds. Proceedings,
regenerating oaks in upland hardwood forests, the 1979
JS Wright forest conference. West Lafayette, IN: Purdue
University: 54-60.

Sander, I.L.; Williamson, M.J. 1957. Response of a mixed
hardwood stand in Eastern Kentucky to a harvest cutting.
Journal of Forestry. 55(4): 291-293.

Schlesinger, R.C.; Sander, |.L.; Davidson, K.R. 1993. Oak
regeneration potential increased by shelterwood treatments.
Northern Journal of Applied Forestry. 10(4): 149-153.

Scholz, H.F.;; DeVriend, A.J. 1957. Natural regeneration on a
2-acre mixed oak clear cutting five years after logging. Stn.
Pap. No. 48. St. Paul, MN: U.S. Department of Agriculture
Forest Service, Lake States Forest Experiment Station. 11 p.

Schuler, T.M.; Miller, G.W. 1995. Shelterwood treatments fail
to establish oak reproduction on mesic forest sites in West
Virginia— 10-year results. In: Gottschalk, K.W.; Fosbroke,
S.L., eds. Proceedings of the 101 central hardwood forest
conference. Gen. Tech. Rep. NE-197. Radnor, PA: U.S.
Department of Agriculture Forest Service, Northeastern Forest
Experiment Station: 375-386.

Schweitzer, C.; Dey, D. 2016. Stem diameter dynamics under
varying shelterwood treatments in an upland hardwood
forest on the Cumberland Plateau escarpment, Alabama.
In: Schweitzer, C.J.; Clatterbuck, W.K.; Oswalt, C.M, eds.
Proceedings of the 18th biennial southern silvicultural research
conference. e-Gen. Tech. Rep. SRS-212. Asheville, NC: U.S.
Department of Agriculture Forest Service, Southern Research
Station: 361-368.

Schweitzer, C.J.; Dey, D. 2017. Midstory shelterwood to promote
natural Quercus reproduction on the mid-Cumberland Plateau,
Alabama: status four years after final harvest. In: Kabrick,
J.M.; Dey, D.C.; Knapp, B.O. [and others], eds. Proceedings
of the 20th central hardwood forest conference. Gen. Tech.
Rep. NRS-P-167. Newtown Square, PA: U.S. Department of
Agriculture Forest Service, Northern Research Station: 87-98.

Schweitzer, C.J.; Dey, D.C. 2011. Forest structure, composition,
and tree diversity response to a gradient of regeneration
harvests in the mid-Cumberland Plateau escarpment region,
USA. Forest Ecology and Management. 262(9): 1729-1741.

Schweitzer, C.J.; Dey, D.C. 2015. The conundrum of creating
understory light conditions conducive to promoting oak
regeneration: midstory herbicide treatment versus prescribed
fire. In: Holley, G.; Haywood, D.; Connor, K., eds. Proceedings
of the 17" biennial southern silvicultural conference. e-Gen.
Tech. Rep. SRS-203. Asheville, NC: U.S. Department of
Agriculture Forest Service, Southern Research Station: 45-56.

Schweitzer, C.J.; Gottschalk, K.; Stringer, J. [and others]. 2011.
Using silviculture to sustain upland oak forests under stress
on the Daniel Boone National Forest, Kentucky. In: Fei, S.;
Lhotka, J.M.; Stringer, J.W. [and others], eds. Proceedings
of the 17t central hardwood forest conference. Gen. Tech.
Rep. NRS-P-78. Newtown Square, PA: U.S. Department
of Agriculture Forest Service, Northern Research Station:
467-489.

Smalley, G.W. 1982. Classification and evaluation of forest sites
on the Mid-Cumberland Plateau. Gen. Tech. Rep. SO-38. New
Orleans, LA: U.S. Department of Agriculture Forest Service,
Southern Forest Experiment Station. 58 p.

Smalley, G.W. 1986. Classification and evaluation of forest sites
on the Northern Cumberland Plateau. Gen. Tech. Rep. SO-60.
New Orleans, LA: U.S. Department of Agriculture Forest
Service, Southern Forest Experiment Station. 74 p.

Tift, B.D.; Fajvan, M.A. 1999. Red maple dynamics in Appalachian
hardwood stands in West Virginia. Canadian Journal of Forest
Research. 29(2): 157-165.

Tyron, E.H.; Carvell, K.L. 1958. Regeneration under oak stands.
Bulletin 424T. Morgantown, WV: West Virginia University
Agricultural Experiment Station, College of Agriculture, Forestry
and Home Economics. 20 p.

U.S. Department of Agriculture Natural Resources Conservation
Service. 2007. Soil Survey Geographic (SSURGO) database for
Grundy County, Tennessee. http://sdmdataaccess.nrcs.usda.
gov. [Date accessed: February 15, 2018].

Weitzman, S.; Trimble, G.R., Jr. 1957. Some natural factors that
govern the management of oaks. Stn. Pap. No. 88. Upper
Darby, PA: U.S. Department of Agriculture Forest Service,
Northeastern Forest Experiment Station. 40 p.

Oak Symposium: Sustaining 0ak Forests in the 21st Century through Science-based Management 61



